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Abstract 
Prescribed burning is increasingly being used in fire-prone environments worldwide 
to reduce fuel loads and thereby wildfire severity and as a tool for ecosystem 
management. Fire alters the composition and structure of forests, woodlands and 
other fire-prone vegetation types; which in turn affects the habitats of animal 
species. For example, habitat structures such as large trees, dead trees and logs 
which are susceptible to fire, are also essential for animal species that require 
hollows (cavities) for shelter and reproduction. However, there is limited 
understanding of the extent and the mechanisms by which prescribed burning 
affects faunal species and the habitats that sustain them. This is particularly 
relevant in south-eastern Australia where, following catastrophic wildfires in 2009, 
changes in Governmental policy resulted in marked increases in prescribed burning 
on public land. In response to this increased pressure to expand prescribed burning 
and the limited knowledge of its ecological effects, an experimental project was 
developed in one ecosystem, the dry, low productivity box-ironbark ecosystem – to 
investigate the effects of prescribed burning on flora, fauna and habitat structures. 
My PhD forms part of this larger project and contributes to knowledge about the 
effect of prescribed burning in this ecosystem. 
The primary aim of my study was to characterise the response of a small marsupial, 
the yellow-footed antechinus Antechinus flavipes, to prescribed burning in a box-
ironbark forest in north-central Victoria, Australia. A before-after-impact-control 
design was used to test the response of A. flavipes to prescribed burns applied at 
the landscape scale (forest blocks of ~ 100 ha; 22 study ‘landscapes’). The study 
design included the application of burns during different seasons (autumn and 
spring) and with different levels of burn coverage. Prescribed burning for this 
experimental project took place during the austral autumn (April 2011) and spring 
(Oct - Nov 2011). Burn coverages included in the study design were no burn (n = 6 
‘reference’ landscapes), low coverage burns (35-50%, n = 8) and high coverage 
burns (70-90%, n = 8). However, due to drought-breaking rains before autumn 
burning, the proposed burn coverages were difficult to achieve, resulting in 
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complete separation of burn coverage between autumn burns (all ≤51% coverage) 
and spring burns (all ≥52%). 
More specifically, the objectives of my research were to: (1) determine the habitat 
requirements of A. flavipes, at both the landscape and site level, during different 
seasons; (2) study the effect of prescribed burning on the relative abundance of A. 
flavipes and the presence of its predators and prey; (3) investigate the den site 
requirements of A. flavipes and the impact of prescribed burning on such sites; and 
(4) examine the home range and movement of individual A. flavipes and any 
changes resulting from prescribed burning. To investigate these objectives, I 
collected data using a variety of techniques including camera trapping, habitat 
surveys and pitfall trapping for invertebrates. Further, to investigate individual 
behavioural responses to prescribed burns, such as individual changes in home 
range, habitat use and movements, I carried out radio-tracking of 10 individual A. 
flavipes before burns and eight individuals after burning. Individuals were tracked 
to their diurnal-den sites and during nocturnal foraging activity. These methods and 
the data sets obtained, allowed analyses of either pre-burn data only or a 
comparison of pre-burn and post-burn data. 
Before burning, A. flavipes showed differential use of forest habitat during summer 
and spring. For example, at the landscape level (~100 ha blocks) during summer, 
measures of activity of A. flavipes, as indicated by camera surveys, were positively 
associated with habitat structures that are important as den sites, such as large 
trees, logs and hollow stumps. During spring, measures of activity showed a positive 
association with habitats important for foraging, such as the amount of ground 
vegetative cover (<50 cm high) and leaf litter depth. This seasonal difference is likely 
to be related to the life-history strategy of the species, whereby all males die at the 
end of an annual mating season in late winter, leaving only adult females with 
young in a nest during spring. These results show that there are a variety of habitat 
requirements that influence the distribution of A. flavipes at the landscape level and 
that these may change seasonally depending on the needs of A. flavipes individuals 
during their life-cycle. 
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Antechinus flavipes differed in their response, as measured by activity from camera 
surveys, to low coverage autumn burns compared to high coverage spring burns. 
After prescribed burns during spring, A. flavipes activity was significantly lower in 
burnt compared to unburnt landscapes. However, after burns during autumn, there 
was no observed difference in activity between burnt and unburnt landscapes. It 
was not possible to conclude whether these results were due to the season of burn 
or burn coverage in the landscape, due to complete separation of burn coverage 
between seasons. A. flavipes may be more susceptible to direct loss of life during 
spring burns, when young in a den may be unable to escape. Further research on 
the activity and use of habitat by A. flavipes during spring burning, coinciding with 
the breeding period, would be valuable to better understand the effect of burning 
on reproduction. 
I recorded significantly fewer invertebrates of taxa considered prey of A. flavipes in 
burnt versus unburnt sites, but no evidence that variation in A. flavipes activity 
among burnt and unburnt landscapes was influenced by measures of predator 
activity. The combination of higher burn coverage and burning in spring appears to 
be affecting the activity of A. flavipes populations, at least in the short term. 
Effective management of this species will benefit from further studies assessing the 
relative importance of predators and prey availability on A. flavipes populations 
after prescribed burning. 
Prescribed burns had a detrimental effect on habitat structures used as den sites by 
individual A. flavipes. Low capture rates of females with young in a nest during 
spring (i.e. only two females caught), limited my ability to compare the effects of 
prescribed burns on den site use across seasons. However, tracking of individuals 
before and after autumn burning revealed clear results. Before burning, large living 
trees (≥50 cm diameter) and dead trees were used as den sites disproportionately 
to their relative abundance in the forest. While all marked individuals of A. flavipes 
survived the immediate impacts of patchy prescribed burns, almost a third (16/52) 
of den sites identified before burning were lost, including 17% of trees (4/23) and 
48% of logs (10/21). These autumn burns were patchy and of lower cover (40-50% 
coverage), and so it may be expected that loss of such habitat structures would be 
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even higher in landscapes that experience higher coverage burns such as those 
during spring.  
Despite numerous den sites being lost, tracked individuals did not leave their pre-
burn home range. Instead, I found that individual A. flavipes may change the size or 
shape of their range in response to burning. Responses differed between 
individuals, suggesting that local burn conditions may influence any changes. I 
observed a 60% reduction in the use of logs for active nocturnal foraging in post-
burn observations compared with pre-burn observations. This is consistent with a 
reduction in the abundance of logs post-burn (40-50% reduction). Movements of 
individual A. flavipes (m/hr), during foraging hours, were significantly lower in post-
burn compared with pre-burn observations. This suggests they may use behavioural 
responses, such as increased use of torpor, to reduce their foraging requirements 
and associated predation risk in the burned landscape. 
This study demonstrates that prescribed burning primarily affects A. flavipes 
indirectly, through changes to resources used for shelter, denning and food, rather 
than directly through mortality or emigration during burning. Land managers should 
consider the ongoing provision of suitable habitat for all species, both early and 
late-successional, with a spatial pattern of prescribed burns that includes a range of 
post-fire age-classes across the landscape. Long-unburnt forest will be particularly 
important for obligate hollow-using species such as A. flavipes.
 Chapter 1 - Prescribed burning and small 
mammals 
 
 
Photos show (a) the yellow-footed antechinus Antechinus flavipes sitting on a tree 
(Image by Russell Jones) and (b) prescribed burning applied during this project.  
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1.1. Wildfire as a global disturbance 
Fire is a natural disturbance that plays a crucial role in shaping vegetation patterns 
and ecosystem processes globally (Bond et al., 2005; Bowman et al., 2009; Thonicke 
et al., 2001). Fires can alter ecosystem structure by reducing plant biomass, in turn 
affecting habitat for fauna (Catling et al., 2001; Fontaine and Kennedy, 2012). 
Changes in habitat affect the distribution and abundance of fauna (Newton, 1994). 
Bushfires contribute to landscape heterogeneity over time through the creation of 
patches which differ in the time since last fire, fire type (ground or crown fires), fire 
severity and season of burn (Odion et al., 2004; Parr and Andersen, 2006; Price et 
al., 2005; Romme, 2005; Turner et al., 1994; Whelan, 1995). These factors, along 
with the frequency of burning, contribute to what is known as a fire regime for a 
particular landscape (Gill, 1981, 1975). The nature of the change to an ecosystem 
from a single fire depends on multiple factors such as the past fire regime, the 
habitat structures complexity of vegetation present, climatic conditions before and 
after the fire and the biology of the organisms affected (Bradstock et al., 2009; 
Catchpole, 2002; Collins et al., 2012; Inions et al., 1989; Tolhurst and Cheney, 1999; 
Whelan et al., 2002). Fires not only affect natural ecosystems and processes, but 
they can also have devastating impacts on human life and property, resulting in 
longer-term economic losses for communities (Mitchell et al., 2009; Odion et al., 
2004). 
In many regions, globally and in Australia, historical fire regimes have been altered 
over the past century due to forest management practices, climate change, and 
policies to protect an increasing human population (Baker, 1994; Folke et al., 2004). 
Climate change is already altering wildfire frequency and the duration of the fire 
season around the globe, with larger, higher intensity fires and longer fire seasons 
reported in some ecosystems, such as in the Northern Rocky Mountain forests in 
western United State (Dale et al., 2001; Flannigan et al., 2000; Rocca et al., 2014; 
Westerling et al., 2006). However, interactions between climate and fire frequency 
will depend on the primary drivers for fire activity in each ecosystem. For example, 
in mesic forest ecosystems, characterised by high productivity, tree cover and 
persistent litter, fire activity typically occurs during periods of sustained high 
Chapter 1: Prescribed burning and small mammals 
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temperatures or drought when fuels become dry enough for fire ignition and spread 
(Bradstock, 2010; King et al., 2013). Conversely, in drier ecosystems where 
vegetation productivity is low (e.g. semi-arid), fire activity typically increases 
following periods of above-average rainfall. During this time, higher productivity 
leads to a larger biomass and greater connection of fuels, assisting the fire to spread 
(Archibald et al., 2009; Bravo et al., 2010).  
Climate change is predicted to bring warmer, drier periods to many areas globally, 
and is likely to increase the frequency of large wildfires in mesic ecosystems but 
decrease the frequency of fires in drier ecosystems (Bergeron and Archambault, 
1993; Flannigan et al., 2000; King et al., 2013; Rocca et al., 2014). While there are 
many studies of fire in mesic ecosystems where the climate is likely to increase 
wildfire frequency (Leonard et al., 2014; Schoennagel et al., 2008; Westerling et al., 
2006), ecosystems prone to less frequent fires have received less attention (Pastro 
et al., 2014). However, fire frequency could also be altered by other factors, such as 
changing CO2 concentrations, and therefore predicted changes remain uncertain 
(Bradstock, 2010; Dale et al., 2001; Moritz et al., 2012). Concerningly, changes to 
the natural fire regime of an ecosystem can pose a threat to biodiversity. It is 
therefore important to better understand the biotic effects of the current fire 
regime, to help plan for possible changes in the future. 
1.2. Fire as a management tool 
The increasing use of prescribed burning in many countries is another cause of 
changed fire regimes in fire-prone ecosystems. Prescribed burning (also known as 
planned, hazard reduction or controlled burning) typically aims to reduce fuel loads 
and therefore reduce the risk of future fires spreading to the upper canopy and 
becoming large, high-intensity wildfires (Fernandes and Botelho, 2003; Penman et 
al., 2011). Reducing the risk of wildfire to human health and infrastructure is a 
global issue, as highlighted by devastating fires in the last decade in the western 
United States, Greece and south-eastern Australia (Keeley et al., 2012). Evidence 
that climate change is likely to increase wildfire frequency and the duration of the 
fire season in some ecosystems puts further pressure on land managers to escalate 
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prescribed burning to reduce potential risk (Flannigan et al., 2000; Westerling et al., 
2006). With increasing use of prescribed burning, there is a growing need for 
improved understanding of the ecological consequences of this practice and the 
associated change to fire regimes. 
The idea that ‘pyrodiversity begets biodiversity’ (Martin and Sapsis, 1992) has 
encouraged land-managers to manipulate the spatial and temporal variation of 
burning to enhance biodiversity in some ecosystems. Pyrodiversity refers to the 
variability in fire regime across space and time within a particular landscape (Parr 
and Andersen, 2006). Prescribed burning can be applied in different seasons, at 
different intervals and at differing intensities to promote landscape heterogeneity 
(Bradstock et al., 2005). Within an individual burn, heterogeneity can be achieved 
by leaving some patches unburnt rather than burning an entire section of forest 
(Brockett et al., 2001; Parr and Andersen, 2006; Tolhurst et al., 1992; Whelan, 
2009). Some studies have found a positive relationship between pyrodiversity and 
aspects of biodiversity (e.g. Maravalhas and Vasconcelos, 2014; Ponisio et al., 2016; 
Tingley et al., 2016). However, little is known about the ecological effects of burning 
during different seasons, at different levels of burn extent (i.e. burn coverage), or 
with different levels of patchiness within the burn boundary. Some habitat-classes, 
such as long-unburnt habitat, may be more critical than others for the conservation 
of biodiversity (Haslem et al., 2011; Kelly et al., 2012; Woinarski et al., 2004). 
Therefore, fire managers need to carefully consider the application of the 
pyrodiversity paradigm, as it may not always benefit biodiversity. 
1.3. Biotic responses to fire 
An inappropriate fire regime, combined with other threatening processes such as 
invasive species and climate change, can pose a threat to biodiversity through 
declines in population size or by local extinction of species (Gill et al., 2002; Whelan 
et al., 2002; Wilson et al., 2001). For example, fire suppression for long periods in 
some ecosystems in the USA and Australia has increased the extent of older (long 
unburnt) vegetation, thus reducing the distribution and abundance of some plant 
and animal species that rely on more frequent burning (Di Stefano et al., 2011; 
Chapter 1: Prescribed burning and small mammals 
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Keeley, 2006; Webb et al., 2005). A re-introduction of more frequent fires to these 
altered ecosystems can also be ecologically detrimental, with outcomes such as the 
introduction of weed species or a reduction in the abundance of target native 
species being recorded (Baker, 1994; Keeley, 2006). Thus, reintroducing what is 
considered to be a more natural fire regime into a disturbed ecosystem could have 
adverse effects on biodiversity (Aponte et al., 2014; Nesmith et al., 2011; Pastro et 
al., 2011).  
An understanding of appropriate fire regimes for plant species has been well 
developed, but the ability to predict faunal responses to different fire regimes is 
less clear (Clarke, 2008; Driscoll et al., 2010). For plants, understanding the vital 
attributes of species, such as their survival strategy during the fire, reproductive 
technique (e.g. seeds or resprouting) and the duration of the viability of seeds, can 
help determine a minimum and maximum tolerable fire interval that will sustain 
these plants in the ecosystem (Gill, 1981; Groves et al., 1981; Noble and Slatyer, 
1981; Whelan, 1995). Similarly, the life-history strategies of animals, such as 
breeding and habitat requirements, could help in predicting their response to fire 
(Friend, 1993; Kelly et al., 2010), however, this has had limited success. 
Faunal responses to fire vary between species and can be site-specific (Bradstock et 
al., 2005; Pastro et al., 2014). For example, some species that favour more open 
habitat, such as the house mouse Mus musculus, can increase in abundance after 
fire (Kelly et al., 2010). Other species, that prefer dense vegetation for cover, such 
as the yellow-rumped warbler Setophaga coronata, may decline within weeks or 
months after fire, and then slowly recover in abundance over time as suitable 
vegetation regrows (Driscoll and Henderson, 2008; Fontaine and Kennedy, 2012; 
Kelly et al., 2013; Smucker et al., 2005). Still, other species, such as the south-
western orange-tailed slider Lerista distinguenda, may show no apparent response 
to fire (Collett, 2003; Driscoll and Henderson, 2008). Even the same species may 
have contrasting responses to fire, depending on the season of burn, vegetation-
type, fire severity or geographic location (e.g. Nimmo et al., 2014; Smucker et al., 
2005). For example, the deer mouse Peromyscus maniculatus, was found to have 
lower abundance in burnt sites compared to unburnt sites in desert habitat (Sharp 
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Bowman et al., 2017), but higher abundance in burnt sites within forest and prairie 
habitats (Kaufman et al., 1988; Zwolak et al., 2010). To improve understanding of 
appropriate fire regimes and our ability to predict species responses, more 
information is needed about the underlying biological or behavioural processes that 
facilitate these responses (Driscoll et al., 2010; Whelan et al., 2002). 
1.4. Small mammal responses to fire 
Small mammals differ in their responses to fire depending on their life-history and 
habitat requirements (see reviews in Griffiths and Brook, 2014; Sutherland and 
Dickman, 1999). Mammals may be directly affected by fire through mortality or by 
emigration during the fire event, or may be indirectly affected through changes to 
habitat structure and floristic composition following the fire (Whelan et al., 2002). 
In many cases, indirect impacts following fire have a more significant long-term 
impact on the population than direct impacts. Mammals often show an ability to 
survive the fire front by taking refuge in non-flammable or less flammable 
structures (Banks et al., 2011b; Hope, 2012; Robinson et al., 2013; Whelan et al., 
2002). For example, long-nosed bandicoots Perameles nasuta were radio-tracked 
during a prescribed burn in heathland vegetation and observed moving to swampy 
vegetation, a boulder pile, or rock outcrop, to avoid the fire front (Hope, 2012). The 
life-history characteristics of faunal species, such as their reproductive strategies, 
food and shelter requirements, have been useful in predicting responses to fire in 
some habitats (e.g. Di Stefano et al., 2011; Friend, 1993; Swan et al., 2015) but they 
do not always explain the observed species response. 
Small animals with limited dispersal ability often show a close relationship to 
specific vegetation types and habitat availability associated with particular 
successional stages post-fire (Driscoll and Henderson, 2008; Fox et al., 1985). In 
general, small mammals respond to changes in post-fire habitat (e.g. vegetation 
structure), more so than to the time-since-fire per se; with species distributions 
changing in relation to the temporal and spatial availability of suitable habitat in the 
post-fire environment (the 'habitat accommodation model'; Fordyce et al., 2016; 
Fox, 1982; Monamy and Fox, 2000; Swan et al., 2015). For example, small mammals 
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that require dense vegetation have been found to decrease in abundance in the 
weeks or months after fire, with abundance returning to pre-fire levels only when 
suitably dense vegetation has returned (e.g. Kelly et al., 2010). Conversely, species 
that thrive in more-open vegetation may increase in abundance in early 
successional stages after fire and disappear when the vegetation complexity 
increases (Friend, 1993; Kelly et al., 2010). 
A reduction in the relative abundance of key habitat structures, such as large trees 
with hollows, can affect the presence and distribution of species (Aitken and 
Martin, 2012; Cockle et al., 2011; Newton, 1994). In the post-fire environment, 
changes to habitat structures may increase the vulnerability of small mammals to 
predation, climatic exposure and reproductive failure (Converse et al., 2006; 
Whelan, 1995). Heterogeneity within a single fire, with a resulting patchy 
distribution of burnt and unburnt habitat, may provide areas of refuge for fauna, 
thereby lessening these indirect impacts on population persistence (Robinson et al., 
2013). For some species, the development of appropriate habitat requires the 
absence of fire for decades (Haslem et al., 2011). The effective management of 
small mammals in fire-prone environments depends on understanding their habitat 
requirements and how these resources are affected by fire (Lindenmayer and 
McCarthy, 2002). 
1.5. Study background 
In south-eastern Australia, the risk of severe wildfire in or near populated areas is a 
key consideration for fire managers (Gill et al., 2002). In February 2009, in Victoria, 
Australia, following a prolonged drought, on a day with strong winds and high 
temperature (45⁰C), severe fires burned over 450,000 ha. These ‘Black Saturday 
Fires’ resulted in the loss of 173 lives and thousands of homes (Cruz et al., 2012). A 
Royal Commission of enquiry, the Victorian Bushfires Royal Commission, was 
subsequently held. One of its recommendations was a large increase in prescribed 
burning, proposing that prescribed burning be undertaken on 5% of public land per 
annum in Victoria (Victorian Bushfires Royal Commission 2010). This policy has been 
progressively implemented in Victorian ecosystems, ranging from mesic forests to 
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semi-arid shrublands. The dry, low productivity box-ironbark ecosystem of central 
Victoria is affected by this recommendation and is the subject of this thesis. 
Unlike many Australian ecosystems, the box-ironbark forest ecosystem is not 
considered to be particularly fire-prone. There is little known about the historical 
fire regime in this ecosystem, but recent fire history (e.g. 1984 to 2003) shows that 
wildfires are infrequent and most fires are small in size (<5 ha) when they occur 
(Tolsma et al., 2007). In response to the lack of knowledge on the ecological effects 
of burning in box-ironbark forests, an experimental project was developed to 
investigate the effects of prescribed burning on a variety of flora, fauna and habitat 
structures (Bennett et al., 2012). Given the idea that patchiness in burning (a form 
of pyrodiversity) may enhance biodiversity, and that season of burning may be 
important, the study design involved experimental burns being applied during 
different seasons and with different levels of burn coverage (to create different 
levels of patchiness).  
My PhD is part of this larger project and contributes to knowledge about the effect 
of prescribed burning in this ecosystem. During previous work as a fire fighter, I had 
seen the habitat structures changes that take place during prescribed burning and 
was particularly interested in the ecological effects of fire on mammal species that 
have already experienced anthropogenic disturbance pressures. In this thesis, I 
therefore focus on the response of a small marsupial, the yellow-footed antechinus 
Antechinus flavipes, to prescribed burning in the box-ironbark ecosystem. 
Despite a long history of anthropogenic land use, at least 38 species of native 
mammals are known from Victoria’s box-ironbark ecosystem (Tzaros, 2005). These 
include placental mammals, such as insectivorous bats; monotremes such as the 
short-beaked echidna Tachyglossus aculeatus and 18 species of marsupials. 
Marsupials found in the area include large ground-dwelling species such as the 
eastern grey kangaroo Macropus giganteus and black wallaby Wallabia bicolor, 
arboreal species such as the common brushtail possum Trichosurus vulpecula and 
sugar glider Petaurus breviceps, and small ground-dwelling or semi-arboreal species 
such as the yellow-footed antechinus, brush-tailed phascogale Phascogale 
tapoatafa and common dunnart Sminthopsis murina (Fig 1.1; Tzaros, 2005). 
Chapter 1: Prescribed burning and small mammals 
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Since prescribed burning aims to reduce leaf litter and other ground fuels, species 
that use these resources could be disproportionately affected by prescribed 
burning. The small, carnivorous-marsupial, A. flavipes is one such species, relying on 
leaf litter, logs and hollows in large trees for food, shelter and den sites (Coates, 
1995; Dickman, 1991). The use of ground-habitat, relative abundance and 
trapability of A. flavipes (Kelly and Bennett, 2008) makes it a good study species in 
this ecosystem. Studying the habitat use, movement and prey of A. flavipes, in 
relation to fire, will provide valuable information to assist with management of this 
species and other species using similar habitat (see section 2.3 for a more detailed 
description of the species). 
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Figure 1.1. Marsupials that occur in the box-ironbark ecosystem include (a) eastern grey 
kangaroo Macropus giganteus; (b) black wallaby (swamp wallaby) Wallabia bicolor; (c) 
common brushtail possum Trichosurus vulpecula; (d) sugar glider Petaurus breviceps 
(images a - d, Cook, 2017); (e) brush-tailed phascogale Phascogale tapoatafa (Kavanagh, 
2015); (f) yellow-footed antechinus Antechinus flavipes (g) common dunnart Sminthopsis 
murina.  
 
 
(a) Eastern grey kangaroo (b) Black wallaby 
(c) Common brushtail possum (d) Sugar glider (e) Brush-tailed phascogale 
(f) Yellow-footed antechinus (g) Common dunnart 
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1.6. Thesis objectives and overview 
The primary aim of this study is to characterise the response of the small marsupial, 
A. flavipes, to prescribed burning in a dry box-ironbark forest. 
More specifically, the objectives of my research are to: 
1. Determine the factors influencing the distribution of A. flavipes, at both the 
landscape and site level, during different seasons prior to burning; 
2. Test whether prescribed burning influences the relative abundance of A. 
flavipes and the presence of its predators and prey; 
3. Investigate the den site requirements of A. flavipes and the impact of 
prescribed burning on such sites; and 
4. Examine the home range and movements of individual A. flavipes to test 
whether prescribed burning results in a change in size or location of home 
ranges, and pattern of movements. 
I address these objectives in four data chapters that present the results of detailed 
field investigations. Additional materials are presented in the Appendices. All data 
chapters are written with a view to publishing as stand-alone bodies of work. While 
this approach has led to some repetition in the introduction and methods sections 
of each chapter, repetition has been minimised where possible. Chapter 5 has been 
submitted for publication; the remaining chapters will be further refined to submit 
as papers in the future. A summary of chapter outlines is provided below. 
In Chapter 2, I give a broad overview of the study area and study species. I describe 
the prescribed burns undertaken in the study area, the methods used for small 
mammal trapping, and introduce the approach used to collect data for the data 
chapters. 
In Chapter 3, I investigate the importance of habitat structures to the distribution of 
A. flavipes at two spatial scales - landscape versus site level. 
In Chapter 4, I document the effect of seasonal prescribed burning on the relative 
abundance of A. flavipes and associated changes to the distribution of predators 
and prey. 
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In Chapter 5, I examine the use of den sites by A. flavipes, both before and after 
prescribed burning, and document the extent of loss of den sites from prescribed 
burning.  
In Chapter 6, I examine the home range and movement of A. flavipes both before 
and after prescribed burning. 
In the final chapter, Chapter 7, I present a synthesis of the study and discuss the 
implications for management of A. flavipes in relation to prescribed burning in box-
ironbark forests.  
During this study, I also published a short article in The Victorian Naturalist and 
contributed to other papers and brochures which are presented as Appendices. 
Appendix 1 – This paper gives the background to the larger group project, including 
a brief description of other research projects undertaken as part of this larger 
project. 
Bennett, A.F., Holland, G.J., Flanagan, A., Kelly, S. & Clarke, M.F. 2012. Fire and its 
interaction with ecological processes in box-ironbark forests. Proceedings of the 
Royal Society of Victoria 124: 72-78. 
Appendix 2 – While completing night surveys, I observed and photographed an 
eastern pygmy-possum Cercartetus nanus, a species which had not been recorded 
in the study area for at least 40 years. I wrote a contribution to The Victorian 
Naturalist to share this sighting with others. 
Flanagan-Moodie, A.K. 2013. A rare sighting of the Eastern Pygmy-possum 
'Cercartetus nanus' in north-central Victoria. The Victorian Naturalist 130: 40-44. 
 
Chapter 2 - Overview of the study area, study 
species and methods 
Experimental prescribed burning applied during (a) autumn 2011 (April-May) and (b) spring 
2011 (November) for this project, in box-ironbark forest (Image b, by Andrew F. Bennett).  
a
) 
b
) 
14 
 
2.1. Study Area 
This study was undertaken in the Heathcote-Graytown National Park and Redcastle-
Graytown State Forest, a contiguous forested area of ~40 000 ha, in north-central 
Victoria, Australia (Fig 2.1). The topography is characterised by gently undulating 
rises and low hills (elevation ~150–370 m). Soils are generally shallow and infertile, 
with poor water-holding capacity (Muir et al., 1995). The area experiences hot, dry 
summers and mild winter months; mean daily maximum temperatures range from 
~29°C during summer (Jan) to 13°C during winter (July; Redesdale; Bureau of 
Meteorology, 2016). Mean annual rainfall is 579 mm (Redesdale; Bureau of 
Meteorology, 2016). The study area does not contain any permanent flowing water, 
however, drainage lines run with water during heavy rains.  
 
 
 
 
 
 
 
 
 
Figure 2.1. Map of Victoria showing the extent of the box-ironbark ecosystem (grey 
shading) and a map of the Heathcote-Rushworth-Graytown forest in north-central Victoria 
(inset). 
 
While the study area is known as the box-ironbark ecosystem, it is also dominated 
by an ecological vegetation class (EVC) termed box-ironbark forest (Fig 2.2a; Muir et 
al., 1995). These forests are dominated by a canopy of red ironbark Eucalyptus 
tricarpa, with grey box E. microcarpa, red stringybark E. macrorhyncha and red box 
Chapter 2: Overview of the study area, study species and methods 
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E. polyanthemos also present. The mid-storey and shrub layers are sparse in these 
low-productivity forests and include species such as golden wattle Acacia 
pycnantha, drooping cassinia Cassinia arcuata, grey grass tree Xanthorrhoea glauca 
subsp. angustifolia, cranberry heath Astroloma humifusum and wattle mat rush 
Lomandra filiformis. On the upper slopes of the study area, the EVC known as 
heathy dry forest occurs (Fig 2.2b). This vegetation type is dominated by red 
stringybark E. macrorhyncha and red box E. polyanthemos and a heathy 
understorey with species such as daphne heath Brachyloma daphnoides. 
The box-ironbark forest ecosystem, in general, has a history of anthropogenic land 
use. Prior to European settlement in the mid-19th century, the box-ironbark forest 
ecosystem covered ~1.5 million ha of northern Victoria (ECC, 1997). Anthropogenic 
land use, including intensive gold-mining, agriculture and logging reduced this 
ecosystem to ~25% of its original extent (ECC, 1997; Lawrence and Bellette, 2010). 
The remaining forests are fragmented and highly modified. Large trees (≥60 cm 
diameter) once dominated the landscape (Newman, 1961), but now comprise just 
0.3% of trees in the forest (Holland et al., 2017). The dry climate and low-fertility 
soils mean that growth rates of trees are slow, taking 120 or more years to reach a 
diameter of ≥60 cm (Department of Natural Resources and Environment, 1998). 
Many plant and animal species are now classified as extinct, threatened or near-
threatened in the box-ironbark ecosystem (ECC, 2001). The decline of mammal 
species has been particularly severe as a consequence of habitat loss and 
modification and the introduction of exotic predators (e.g. cat Felis catus and red 
fox Vulpes vulpes) and herbivores (e.g. European rabbit Oryctolagus cuniculus and 
goat Capra hircus Woinarski et al., 2005). The application of an appropriate fire 
regime could benefit biodiversity, however undertaking regular, large-scale 
prescribed burning in these forests could potentially put further pressure on this 
already degraded ecosystem. 
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Figure 2.2. Contrast between (a) box-ironbark forest EVC dominated by red ironbark 
Eucalyptus tricarpa and (b) heathy dry forest EVC dominated by red stringybark E. 
macrorhyncha. Photos show typical forests with limited understorey and small diameter 
trees. 
 
The box-ironbark forest now consists of a combination of protected areas in 
National Parks and conservation reserves, as well as multi-use forests (ECC, 2001). 
Within state forests, timber harvesting and firewood collection still occur. Within all 
parks, fox baiting occurs to reduce the numbers of pest species (ECC, 2001). 
a) 
b) 
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2.1.1. History of fires / prescribed burning 
It has been recognised that a threatening process for the Box-Ironbark ecosystem is 
inappropriate fire regimes (Parks Victoria, 2008). However, an appropriate fire 
regime has not been clearly identified. Little is known of the historical fire regime in 
this ecosystem; wildfires do occur but recent fire history shows that they are 
infrequent (Tolsma et al., 2007). Current recommendations for fire intervals are 
based on the requirements of plant species, such as the time required for them to 
reach maturity. Recommendations include a minimum tolerable fire interval of 12 
years after prescribed burns and 30 years for wildfire, and a maximum tolerable fire 
interval of 150 years (Cheal, 2010). This span implies that a broad range of fire 
intervals can be applied without risking the loss of plant species; however, these 
recommendations are based on the requirements of plant species and do not take 
into account faunal requirements (Clarke, 2008). 
A review of the ecological effects of fire in box-ironbark forests concluded that a fire 
regime that encourages a mosaic of age classes is unlikely to adversely affect most 
flora and fauna species if there is sufficient minimum time between burning 
(Tolsma et al., 2007). This review recommended that 25 years should be the 
minimum interval between burning, longer than the 12-year minimum suggested 
after low-severity fire based on plant species requirements (Tolsma et al., 2010, 
2007). However, the review acknowledged that there is a need for an improved 
understanding of animal responses to fire in this ecosystem (Bennett et al., 2012; 
Tolsma et al., 2010). 
2.1.2. Recent drought and rainfall events in the study area 
Droughts are a common occurrence in Australia: however, between 2001 – 2009, 
the longest drought on record occurred for south-east Australia (van Dijk et al., 
2013). Data collection for my study started in 2010 when the drought had been 
occurring for nine years. Towards the end of 2010, drought-breaking rains covered 
the study area, resulting in the wettest year on record (records beginning in 1903; 
Fig. 2.3). This drought and rain cycle will naturally have implications for the 
interpretation of the study results and are considered in the discussion sections. 
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Figure 2.3. Annual rainfall data for the study area showing below average rainfall (black 
squares) from 2001 – 2009. Lines show the lowest (250 mm), average (680 mm) and highest 
recorded annual rainfall (1100 mm; data from Redesdale; Bureau of Meteorology, 2016). 
 
2.2. The study species - Antechinus flavipes 
Antechinus flavipes is a small, carnivorous-marsupial that occurs in inland forests of 
eastern and south-western Australia. Three subspecies of A. flavipes are recognised, 
each being geographically isolated: A.f. flavipes Waterhouse, A.f. rubeculus Van 
Dyck and A.f. leucogaster Gray (Fig 2.4; Wakefield and Warneke, 1967). These 
subspecies are associated with a variety of vegetation types such as open forest, 
woodland and tropical rainforest, with associations of dense thickets, sparse shrubs, 
heath or swamp (Christensen and Kimber, 1975; Lada et al., 2008; Menkhorst, 1995; 
Watt, 1997). My study focuses on A. f. flavipes in the box-ironbark ecosystem in 
Victoria. 
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Figure 2.4. The distribution of Antechinus flavipes subspecies (data from Atlas of Living 
Australia, 2016). 
 
 
Antechinus flavipes is sexually dimorphic with males (~53 g) being larger than 
females (~30g; Kelly and Bennett, 2008). A. flavipes is monoestrous (females are 
available for mating once per year) and the mating season is synchronous within 
local populations. Following a short mating season, all males in the population die 
(Dickman, 1980; Menkhorst, 1995; Smith, 1984; Wakefield and Warneke, 1967). In 
south-eastern Australia, the mating season occurs in winter (June / July), with most 
males dying by early August. After a gestation period of ~23-31 days, females give 
birth to between 9 and 12 young during late winter or early spring (Fig. 2.5; Aug - 
Sept; Coates, 1995; Marchesan and Carthew, 2004). After being carried in the pouch 
or on the mother for ~34 days, the young are cared for in a nest by their mother 
and leave the nest in late spring / early summer (Fig. 2.6; Nov - Dec; Coates, 1995; 
Marchesan and Carthew, 2004). 
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Fig. 2.5. Antechinus mother carrying babies. Antechinus flavipes babies are attached to 
their mother for 23-31 days before being left in a nest (Image: Fisher, n.d.) 
 
 
Fig 2.6. Conceptual diagram of the life-cycle and breeding habits of A. flavipes. All males in 
the population die after breeding, leaving only a population of pregnant females. Burning 
during spring would coincide with the period of lactation when females are caring for 
attached young or young in a den. 
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The reason for this unusual life-history cycle may be related to food availability and 
the diet of A. flavipes. Antechinus species are opportunistic, with arthropods as the 
primary food source (Hindmarsh and Majer, 1977; Watt, 1997). Food availability 
may be a limiting factor to A. flavipes abundance. For example, in one study there 
was a population boom after flooding in a flood-plain ecosystem, most likely due to 
increased invertebrate availability (Mac Nally and Horrocks, 2008). The timing of 
breeding and emergence of young from the nest coincides with the highest 
abundance of insects (Smith, 1984; Watt, 1997). Therefore, male die-off may 
decrease competition for food when young are leaving the mothers nest and have 
high energetic requirements. 
2.2.1. Conservation status of A. flavipes 
Antechinus flavipes is widespread and is listed as a mammal of ‘least concern’ on 
the IUCN Red List of threatened species (Menkhorst et al., 2016). In common with 
other small marsupials, loss of preferred habitat due to clearing and the loss of large 
trees and logs is a threat to the persistence of this species (Watt, 1997). However, 
A. flavipes does appear to be more tolerant of habitat fragmentation than other 
small marsupials, as long as key structures, such as large trees with hollows, are 
present (Marchesan and Carthew, 2008; Menkhorst, 1995). A long-term reduction 
in rainfall due to climate change, predation by foxes and cats, and a loss of den sites 
are likely to be the primary threats to the persistence of this species (Watt, 1991; 
Woinarski et al., 2004). Fire is not listed as a threatening process for A. flavipes, 
although a congener, the swamp antechinus A. minimus, became locally extinct 
after a high-intensity wildfire through its mesic habitat in Victoria (Wilson et al., 
2001). A. flavipes may also be threatened by changes in fire regimes throughout its 
range. The application of prescribed burning is becoming more common in the 
habitats it occupies in Victoria and could contribute to processes that threaten the 
persistence of A. flavipes populations, but more information is needed here. 
Consequently, while the status of A. flavipes is ‘least concern’, this conservation 
status is not assured into the future.  
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2.3. Experimental burn treatments 
This study is part of a larger project examining the effects of prescribed burning on 
the flora, fauna and habitat structures of the dry box-ironbark ecosystem (Bennett 
et al. 2012). To examine fire effects, 22 ‘landscapes’ were selected, each ~100 ha in 
size and bounded by tracks. Each landscape was randomly allocated to a different 
experimental burn treatment including season of burn (autumn or spring) and burn 
coverage (no burn; low 35-50%, high 75-90%; Fig. 2.7). Landscapes were labelled 
from A-U (west to east across the forest), with extra letters representing 
‘treatment’ (i.e. R = reference/no burn; AH = autumn high burn; AL = autumn low 
burn; SH = spring high burn; SL = spring low burn; Fig. 2.8). Landscapes were chosen 
to be representative of a red ironbark / grey box mixed forest, and therefore low-
lying areas, gully lines and lowlands were avoided. 
 
 
Figure 2.7. Design of experimental prescribed burn units showing season, burn coverage 
objectives, number of replicates (~100 ha each) and the actual burn coverage achieved. 
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Figure 2.8. The Heathcote-Rushworth-Graytown box-ironbark forest showing the location 
of 22 study landscapes and the treatments assigned to each (reference, autumn burn, 
spring burn (from Holland et al., 2017). 
 
 
Burning took place during the austral autumn (April 2011) and spring (Oct - Nov 
2011). All burning was conducted by the relevant state government land 
management agencies (Department of Environment, Land, Water & Planning, and 
Parks Victoria. Due to drought-breaking rains just prior to autumn burning, the 
experimentally planned burn coverages were difficult to achieve. Autumn burning 
occurred under wet conditions and only low burn coverage was achieved (22-51%; 
Table 2.1; Fig. 2.9). During spring, following growth from summer rains earlier in the 
year and drier conditions, burns spread quickly, and only higher burn coverage was 
achieved (52-89%; Fig. 2.9). Higher severity burns were only recorded in some 
spring burnt landscapes (Fig. 2.10). This restricted my ability to compare autumn 
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and spring burning regimes as there was a confounding of season and burn 
coverage. Burn coverage was estimated using methods described in Holland et al. 
(2017). 
 
    
Figure 2.9. Coverage of prescribed burns during autumn and spring showing higher 
coverage (≥52%) for all burns during spring. 
 
 
 
 
Figure 2.10. The extent of different burn severity classes (unburnt patches, low-medium 
severity, high-very high severity) within the burnt area of each landscape. Landscapes burnt 
during spring had higher burn coverage and higher burn severity compared to landscapes 
burnt in autumn. Burn severity estimates obtained from Galvin and Medlyn (2011; autumn 
burns) and Welsby and Medlyn (2011; spring burns).  
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Table 2.1. Details of prescribed burning in each landscape (~100 ha). Some burns were 
deemed unsuccessful and therefore burnt on a second date. 
Season of 
burn 
Landscape 
Name 
Burn 
objective 
Date of first 
ignition 
Date of last 
ignition 
Actual burn 
coverage 
Reference 
(unburnt) 
AR 0 - - 0 
BR 0 - - 0 
 MR 0 - - 0 
 PR 0 - - 0 
 SR 0 - - 0 
 UR 0 - - 0 
Autumn CAH 75-90 26/2/11 7/4/11 39 
 EAL 35-50 26/2/11 5/3/11 22 
 GAL 35-50 6/3/11 8/4/11 25 
 HAH 75-90 7/3/11 - 46 
 JAH 75-90 6/4/11 8/4/11 41 
 KAL 35-50 7/3/11 7/4/11 32 
 OAH 75-90 7/4/11 8/4/11 51 
 VAL 35-50 6/3/11 7/4/11 33 
Spring DSH 75-90 19/10/11 5/12/11 67 
 FSL 35-50 18/10/11 - 63 
 ISH 75-90 5/11/11 - 89 
 LSL 35-50 18/10/11 - 61 
 NSL 35-50 18/10/11 5/12/11 64 
 QSL 35-50 18/10/11 - 52 
 RSH 75-90 5/11/11 - 75 
 TSH 75-90 5/11/11 - 83 
 
2.4. Data collection methods 
Five field survey methods were used to obtain data for this thesis; these included 
habitat surveys, small mammal trapping, camera trapping, radio telemetry and 
pitfall traps (Fig. 2.11). Two additional surveys were conducted but did not produce 
enough results for analyses; these included small mammal trapping during spring 
and pitfall trapping during autumn. A general outline of methods is provided below, 
with more detailed descriptions provided in the relevant data chapters. 
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Figure 2.11. Fieldwork photo pane, showing small mammal metal trap (top left), camera 
trap (top right) and radio telemetry (bottom left and right). 
 
2.4.1. Habitat surveys 
As part of the full study design (Fig 2.8), twelve 20 m x 20 m plots were established 
in each study landscape (total = 264) to assess habitat structures (Fig. 2.12; Holland 
et al., 2017). These plots were initially marked on a GIS map, with three plots in 
each quarter of the landscape and plots positioned at least 0.1 km apart. 
Coordinates were then used to locate sites in the field, where plots were marked 
with a steel post. This post became the north-west corner of the 20 x 20 m plot. To 
obtain baseline data, all landscapes were surveyed during Spring 2010 (Sep – Nov). 
Post-burn data were then collected within three months of burning in May – June 
2011 (post-autumn burns) and January – February 2012 (post-spring burns). More 
detailed descriptions of habitat surveys are provided in Section 3.3.4. 
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Figure 2.12. Example of a study landscape (~100ha) with 12 monitoring points (black dots) 
for habitat and camera trap locations. The irregular shape of the landscape is due to the 
boundary being defined by forest roads and tracks. 
  
 
2.4.2. Small mammal trapping 
Small mammal trapping, using Elliott metal traps, was used to assess the 
distribution of A. flavipes across the landscape (Table 2.2) and to capture individuals 
to fit or remove radio collars. In the first trapping session (Sept-Nov 2010), I caught 
just 12 individuals from 4400 trap nights (0.27% trap success). These results 
indicated that the population density of A. flavipes was much lower than predicted 
based on previous trapping in similar habitat (e.g. Kelly and Bennett, 2008). The low 
density of A. flavipes in my study area is possibly due to a 10-year drought, with lack 
of rain affecting the breeding success and survival of A. flavipes over this period 
(Lada et al., 2013; van Dijk et al., 2013). Drought effects are discussed further in 
chapter 7. After obtaining low numbers of A. flavipes, I changed the method of 
surveying the species from metal traps to camera traps. This proved to be a more 
efficient and effective method to survey all 22 study landscapes. 
Further trapping was undertaken in selected landscapes before and after the 
application of prescribed burning during both autumn and spring (Table 2.2). These 
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data were not used in data analysis because camera trapping data sufficiently 
recorded changes in activity levels of A. flavipes. 
 
Table 2.2. Small mammal trapping for Antechinus flavipes, showing low trap success during 
spring. Data collected during these trapping sessions were not subsequently used in this 
thesis. 
Survey Dates No. 
landscapes 
No. of 
traps per 
landscape 
No. of 
nights 
Purpose No. A. 
flavipes 
Trap 
success 
(%) 
1 Sept – 
Nov 
2010 
22 50 4 distribution 
survey 
12 0.27 
2 March 
2011 
4 50 3 pre-burn 
survey 
26 4.33 
3 May 
2011 
4 50 3 post-burn 
survey (two 
landscapes 
burnt) 
22 3.67 
4 Sept 
2011 
4 50 3 pre-burn 
survey 
1 0.16 
 
 
For surveys relating to A. flavipes distribution and abundance (Table 2.2), two 
transects of 625 m each were drawn onto a map of each landscape. These transects 
were then located in the field with a GPS and marked with flagging tape. Along each 
transect, 25 traps were placed ~25m apart (50 traps per landscape).  
Traps were located near habitat features such as the base of large trees, the base of 
stumps or near logs. Traps were stable and flat to the ground. Traps were wrapped 
in plastic to provide protection from rain when rain looked probable, and plastic 
was removed on warmer days. Bedding material of polyester pillow filler was added 
to traps to provide insulation for captured animals. Traps were baited with a 
mixture of honey, rolled oats and peanut butter, left open both day and night for 
three consecutive nights and checked twice daily (morning and afternoon).  
When an animal was found in a trap, I transferred the animal into a cloth handling 
bag, weighed and sexed, noted recaptures and then released animals at the point of 
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capture. When a female was identified, the age of the animal (1st-year female or ≥ 
2nd-year female) was determined and number of nipples counted (where possible). 
A nail polish mark applied to the tail was used to mark individuals to identify 
recaptures within capture sessions. More detailed information on small mammal 
trapping used to capture individuals to fit or remove radio collars for radio 
telemetry is provided in Chapters 5 and 6. 
2.4.3. Camera trapping 
Data from camera trapping were used to assess the activity levels of A. flavipes, the 
activity of predators such as the red fox Vulpes vulpes and tree goanna Varanus 
varius, and that of a competitor, the brush-tailed phascogale Phascogale tapoatafa. 
Detailed methods for camera trapping can be found in Chapters 3 and 4. 
2.4.4. Radio telemetry 
Data from radio telemetry were used to assess home range, habitat use, movement 
and den site use of A. flavipes. Detailed methods for radio telemetry can be found 
in Chapters 5 and 6.  
2.4.5. Invertebrate trapping 
I was particularly interested in studying changes to macroinvertebrates following 
prescribed burning to test whether changes in food availability may affect the 
distribution of A. flavipes. Pitfall trapping was used to sample the abundance of 
invertebrates. The initial survey design involved placement of pitfall traps at two 
“high burn coverage” landscapes (75-90%) and two reference (unburnt) landscapes 
both before and after prescribed burning. Therefore, before autumn burning took 
place, I undertook pitfall trapping at four landscapes. Pitfall traps were placed at 
five monitoring points per landscape (Fig. 2.12), with a row of five plastic vials 
placed with 2 m spacing. These pitfall traps were left out for two weeks and then 
collected. Due to the patchiness of prescribed burning during autumn, with burns 
covering < 50% of each landscape, none of the monitoring sites were burnt. 
Consequently, I was unable to capture a direct before / after comparison of 
invertebrate abundance in relation to burning during autumn. 
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For burning during spring, pitfall trapping was again used, but with a modified 
survey design to ensure useful data were collected. Pitfall traps were established 
only after burning took place and were located both within burnt areas and outside 
the burnt landscape. Pitfall traps were no longer placed near monitoring points 
(Section 2.6.1) but were instead located at the base of habitat features such as logs, 
trees, stumps and open areas. Further details of this sampling can be found in 
Chapter 4. 
2.4.6. Summary of data collection methods 
In summary, five methods of data collection were used to contribute to data 
analysis (Table 2.3). 
 
Table 2.3. Overview of data collection methods used in each data chapter 
Chapter Theme Small 
mammal 
trapping 
Camera 
trapping 
Radio 
telemetry 
Habitat 
surveys 
Pitfall 
traps 
Three A. flavipes 
distribution and 
properties of the 
landscape 
 yes  yes  
Four 
The effect of fire 
on the distribution 
of A. flavipes 
yes yes  yes  
Five Den site use by A. 
flavipes yes*  yes yes  
Six 
Movement and 
home range of A. 
flavipes 
yes*  yes  yes 
*used to catch individuals for radio telemetry (trapping data not used in analyses)
Chapter 3 – Habitat associations of the small 
marsupial, yellow-footed antechinus Antechinus 
flavipes in a box-ironbark forest in Victoria 
 
 
Example of habitat structures used by Antechinus flavipes (c), including (a) a large 
tree, with hollows, used as a den site with young in a nest, and (b) a large stump 
with hollows used as a den site during the non-breeding season. 
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3.1. Abstract 
Gaining an understanding of the factors that influence the distribution and 
abundance of organisms is a central goal of ecology. It is also of great importance 
for conservation and for management of forests subject to anthropogenic 
disturbance regimes. Changes to the availability or structure of habitat resources 
required by species can result in changes in their abundance and even local 
extinction. Management decisions, therefore, are more likely to be effective if they 
are based on a thorough understanding of the habitat requirements of faunal 
species. Here, I studied a small marsupial, the yellow-footed antechinus Antechinus 
flavipes, in a disturbed, dry forest to examine the relative influence of habitat 
structures and the presence of predators and competitors on its distribution and 
activity. All males of this species die-off during winter, so I tested for factors 
influencing distribution and activity in both summer (when there is a full cohort of 
A. flavipes) and spring (when only females with young in nests are present). I used 
camera trapping to quantify an activity index of A. flavipes and other mammals at 
both a site (20 x 20 m plot) and landscape (100 ha) level. Habitat assessments were 
conducted to gain an insight into the availability of habitat structures. At the 
landscape level, A. flavipes activity during summer increased with increasing density 
of large trees (>40 cm diameter), large logs (>20 cm) and stumps with hollows; but 
decreased with increasing tree density. During spring, A. flavipes activity at a limited 
subset of landscapes, increased with increasing ground cover (<50 cm height) and 
leaf litter depth. At the site level, only summer data were appropriate for analysis. 
Activity of A. flavipes at sites was positively related to the number of large trees. 
These results show that the distribution and activity of A. flavipes at both the site 
and landscape level are closely associated with forest structure, particularly 
structures linked to a complex older forest that provide shelter (e.g. hollows in large 
trees and logs) and foraging resources (e.g. deep leaf litter). The relative influence 
of such resources may change depending on the needs of A. flavipes during its life-
cycle; but low detectability during the spring breeding season limited a direct 
comparison.  
Chapter 3: Distribution and activity of A. flavipes before burning 
33 
 
3.2. Introduction 
Gaining an understanding of the factors that determine the distribution and 
abundance of organisms is a central goal of ecology (Leibold, 1995). Species’ 
distributions can be driven by biotic factors, such as interspecific interactions (e.g. 
predation, competition) and by abiotic factors, such as climate and environmental 
disturbances (Haby et al., 2012; Newton, 1994; Pulliam, 2000; Sousa, 1984). 
Globally, disturbances of anthropogenic origin such as vegetation clearing and the 
introduction of pest species, have had a significant impact on both the abundance 
and distribution of many species (Sousa, 1984). In Australia, the decline of mammal 
species has been particularly severe as a consequence of anthropogenic change 
following European settlement, including through habitat loss and modification and 
the introduction of exotic predators (e.g. cat Felis catus and red fox Vulpes vulpes; 
Fisher et al., 2003; Woinarski et al., 2005). 
The distribution and abundance of small mammal species is typically associated 
with the extent and quality of suitable habitat, including both vegetation type and 
structure, which are sensitive to disturbance processes arising from human land-use 
(Catling et al., 2000; Hall et al., 1997; McElhinny et al., 2005). Habitat structures 
such as understorey cover, logs, large trees and leaf litter provide small mammals 
with nesting and foraging resources as well as refuge from predators and climatic 
extremes (Gibbons and Lindenmayer, 2002; Martin et al., 2004; McElhinny et al., 
2005). These structures may be influenced by disturbance processes such as logging 
or fire. Where refuge sites and cover from predators are limited, interactions with 
predators (e.g. larger mammals and birds) and competitors (e.g. conspecifics and 
other small mammals using similar resources) may also influence the presence and 
abundance of small mammals (Bilney et al., 2010; Fisher et al., 2003; Fox et al., 
2003). However, the relative importance of habitat quality and interspecific 
interactions may differ across spatial and temporal scales depending on the 
resource needs of the animal (Graf et al., 2005; Johnson, 1980; Wiens et al., 1987). 
An improved understanding of habitat requirements for small mammals across 
different spatial and temporal scales can inform conservation management and also 
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forest management practices, such as prescribed burning, that affect habitat 
structures.  
Here, I used camera trapping surveys to test the extent to which the distribution 
and activity of a small marsupial, Antechinus flavipes, is related to density of habitat 
structures and to the presence of other species (predators, competitors), at both 
the site level (20 m x 20 m plot) and landscape level (100 ha study area) during 
different seasons (summer and spring). More specifically, I aimed to test the relative 
influence of: a) habitat structures that provide den site habitat (large trees, logs and 
stumps); b) habitat associated with foraging habitat (leaf litter and shrub cover); c) 
forest vegetation and tree density; and d) the presence of a predator (red fox) and 
competitor (brush-tailed phascogale Phascogale tapoatafa). 
3.3. Methods 
3.3.1. Study area 
The study area is a dry box-ironbark forest in south-eastern Australia, described in 
detail in Chapter 2 (Section 2.1). In summary, there were 22 study landscapes, each 
~100 ha in size, and each characterised by a similar forest type dominated by red 
ironbark E. tricarpa (Section 2.3). This chapter is based only on data collected before 
prescribed burning took place. 
3.3.2. Study species 
The yellow-footed antechinus A. flavipes has been associated with a number of 
habitat structures, such as large trees, logs, grass-trees Xanthorrhoea species and 
dense vegetation, in different forest-types across Australia (Lada and Mac Nally, 
2008; Marchesan and Carthew, 2008; Swinburn et al., 2007; Watt, 1997). The local 
availability of such resources is likely to influence the distribution of this species, 
particularly in a highly altered forest. There may also be seasonal differences in 
habitat associations. All males die-off during late-winter, leaving only females to 
give birth to young and care for them in a nest during spring (section 2.2). Females 
have a greater energetic demand for food while lactating, so this may influence 
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their habitat requirements during the breeding season, compared with other times 
of the year. 
3.3.3. Camera surveys and species identification 
To detect the presence and activity level of A. flavipes and other small to medium-
sized mammals, I used passive remote cameras (ScoutGuard 550V digital cameras, 
ScoutGuard IR Cameras, Australia) deployed across the 22 study landscapes.  
Surveys were undertaken at three time periods before burning took place, in 
summer, late winter and spring. First, during summer 2011 (Jan – Feb), all 22 study 
landscapes were surveyed using five cameras per landscape (i.e. a total of 110 
camera survey sites). In each landscape, a camera was placed at five of the 12 
habitat monitoring plots (Section 2.5.4; Table 3.1). These camera sites were chosen 
such that there was an even spread across the landscape with a minimum distance 
of 150 m between sites. Cameras were active for a minimum of 21 days (range 21 – 
28). 
 
Table 3.1. Surveys of small mammals using cameras undertaken during 2011. A 
summary of camera survey timing, and the number of survey sites, landscapes and 
cameras used. 
Season Months 
Min no. of 
days in 
field 
No. of camera 
sites per 
landscape 
Landscapes 
surveyed 
Total number 
of survey sites 
summer Jan-Feb 21 5 22 110 
late 
winter 
Aug-Sep 14 10 12 120 
spring October 14 10 6 60 
 
 
Second, during late winter 2011 (August), 12 landscapes were surveyed including 
four reference landscapes and eight landscapes nominated for spring burns. At this 
time, landscapes nominated for an autumn burn had been burnt and so these data 
relate only to spring burn landscapes. In this survey round, cameras were placed at 
10 of the 12 habitat monitoring plots in each landscape (Table 3.1). This greater 
sampling effort per landscape was undertaken due to: a) detection rates during the 
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initial summer survey being lower than expected, and b) at this time of the year 
only females are present in the population. Cameras were active for 14 nights, to 
enable more survey sites to be monitored within a short time. Detection rates were 
still low during these surveys, so an additional round of camera surveys was 
undertaken in spring 2011 (October) in four landscapes with cameras placed at 10 
habitat monitoring plots per landscape for 14 nights (Table 3.1). It was expected 
that female A. flavipes would be more active at this time, once their young are 
settled in a nest rather than being carried by the mother (Coates, 1995). 
To conduct surveys, at each camera survey site I placed one camera on a tree within 
20 m of the habitat monitoring plot marker. To maximise the likelihood of animal 
detections, I selected trees based on potentially desirable habitat features, such as 
large trees, trees with associated basal stumps, or trees with logs at their base. 
Cameras were positioned at a height of 1.3 m, secured to the tree with a strap, and 
facing downwards to increase the chances of small mammal detections (Fig 3.1; De 
Bondi et al., 2010). The median diameter of trees on which cameras were placed 
was 24 cm (range: 7 – 55 cm). Cameras were covered with a plastic container to 
protect them from rain, and LEDs were covered with opaque tape to reduce the 
strength of the flash. 
 
 
Figure 3.1. Camera set up included a camera attached to a tree at 1.3 m height, 
pointing downwards to the ground, and bait in a bait holder to attract Antechinus 
flavipes. 
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Cameras were programmed to take three photographs within approximately six 
seconds, each time they were triggered. A 30-second delay between trigger events 
was also programmed to reduce the number of photographs of animals that may be 
lingering at the site. 
A bait station was used to attract animals to the camera’s detection field. Baits 
consisted of a piece of absorbent wadding soaked in a mixture of peanut butter, 
honey and vanilla essence. Baits were placed in a holder made from 12 cm x 6 cm 
PVC tube with a 3 cm wide mesh covering at one end (Fig 3.1). The bait holder was 
placed directly below the camera and secured to the ground with a tent peg. 
Photographs were identified to species level, with the site, time, date and number 
of individuals also recorded. Where required, I re-examined photos of small 
mammals and checked with other scientists to confirm identification of A. flavipes. 
Only photos that could be positively identified as A. flavipes were included in 
analyses. Other small mammals or rodents known to occur in the area, but rarely 
encountered, included the sugar glider Petaurus breviceps, house mouse Mus 
musculus, common dunnart Sminthopsis murina and black rat Rattus rattus (Fig 
3.2). A. flavipes were distinguishable from other marsupials or rodents by their size 
(smaller than the bait holder), ears (large, light coloured, visible), tail (dark in colour 
and clearly visible against the background) and feet (yellow or light coloured when 
visible; Fig 3.2). 
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Figure 3.2. Small marsupials or rodents caught on camera (a) unconfirmed small animal, 
most likely a common dunnart Sminthopsis murina or house mouse Mus musculus; (b) 
yellow-footed antechinus Antechinus flavipes; (c) brush-tailed phascogale Phascogale 
tapoatafa; (d) sugar glider Petaurus breviceps; (e) black rat Rattus rattus. 
 
3.3.4. Habitat surveys 
Data from habitat surveys were used to assess the habitat available to A. flavipes. 
Habitat surveys were undertaken at all 12 habitat monitoring plots in each 
landscape (Section 2.3; Holland et al., 2017). These data were used to describe 
habitat variables at the individual plots where cameras were deployed, and the data 
were combined to represent habitat variables at the landscape level. Habitat data 
used in these analyses were collected during the austral spring before cameras 
surveys took place (Sept-Oct 2010). 
Within each 20 x 20 m plot, all trees (≥1.5 m height) were identified to species and 
the diameter of every stem measured at ~1.4 m height. Stumps (<1.5 m height) 
were counted and the diameter measured. All logs ≥3 cm diameter and ≥1 m in 
length were counted and assigned to a diameter size-class category (3 - <10, 10 - 
<20, 20 - <30, 30 - <40, 40 - <50, 50 - <60 and ≥60 cm). To measure the complexity 
of understorey vegetation, two 20 m transects were established within each plot 
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(north-south at 5 m and 15 m from the marking post). A 2 m structure pole was held 
vertically at 1 m intervals along these transects (40 points). Above-ground 
vegetation touching the pole was recorded, along with the height at which it 
touched the pole (in height classes: <0.5, 0.5 - <1.0, 1.0 ≤ 2.0 m). The depth of both 
fine litter (≤1 cm diameter) and coarse litter (>1 cm diameter) was measured. 
3.3.5. Data analyses 
Detection probability 
Detection probability was calculated to better understand whether a lack of a 
record of A. flavipes at a site, or for a landscape, was a true absence or simply lack 
of detection (MacKenzie et al., 2006). Detection probability was calculated for each 
round of surveys (summer, late winter and spring) at both the site level and 
landscape level.  
I used a single-season occupancy model (separately for the site and landscape level) 
to calculate detection probability, assuming constant detection, constant occupancy 
and independence of sites (or landscapes). The minimum number of survey nights 
required to detect a true absence was estimated by: 
𝑁 =  
𝐿𝑜𝑔10(1 −
𝑎
100)
𝐿𝑜𝑔10(1 − 𝑝)
 
where α is the level of confidence and 𝑝 is the detection probability (the probability 
of detecting the species when it is present; Kery, 2002). I calculated the number of 
survey nights required to be 80% confident that an absence, after that many survey 
nights, is in fact a true absence of the species. Detection probability was calculated 
with the ‘unmarked’ package (Fiske and Chandler, 2011) in R 3.1.2 (R Core Team, 
2014). 
Response and predictor variables 
I used regression modelling to examine the relative influence of habitat attributes 
on the occurrence (presence/absence) and activity level of A. flavipes at both the 
site level and the landscape level. Activity level was calculated for each round of 
surveys (summer, late winter and spring) at both the site level and landscape level.  
40 
 
For site level analysis, A. flavipes was regarded as present if there was at least one 
record during the survey round. The activity level at a site was measured as the 
proportion of nights on which A. flavipes was recorded at the site; that is, the 
number of nights on which it was detected out of the total number of camera-
nights at that site.  
For landscape level analysis, A. flavipes was recorded as present if there was at least 
one record at one camera survey site in the landscape during the survey round. 
Activity level was measured as the proportion of camera nights that A. flavipes was 
recorded on a camera within the landscape, out of the total camera nights for that 
landscape. For example, during winter/spring surveys, there were 10 camera sites 
per landscape, each in the field for 14 days, so 10 x 14 = 140 camera nights for that 
survey round. The presence and activity level of A. flavipes were found to be highly 
correlated (Spearman’s rank correlations), so only A. flavipes activity levels were 
used in analyses (Table 3.2). 
I selected habitat predictor variables considered likely to influence the presence and 
activity of A. flavipes. I checked for collinearity between predictor variables by using 
Spearman’s rank correlations. Where two variables were highly correlated (rs >0.6), 
only one of these was used in analyses (Table 3.2). 
 
Table 3.2. Response or predictor variables for A. flavipes presence and activity level that 
were found to be highly correlated.  
Variable used Variables found to be highly correlated and therefore not 
used in analyses 
Activity of Antechinus 
flavipes  
Presence of A. flavipes at the site or landscape  
Proportion of sites where A. flavipes activity was recorded 
Density of medium-large 
trees 
Proportion of sites where medium-large trees were present 
Density of all trees (per 
ha) 
Stem size diversity for trees (Shannon diversity index) 
Tree basal area (m2 per ha) 
 
Habitat variables used in analyses included the following: density of medium-large 
trees (>40 cm diameter), density of medium-large logs (≥ 20 cm diameter), density 
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of hollow-bearing medium-large stumps (≥20 cm diameter), density of all trees (>10 
cm diameter), vegetation type (see description below), average leaf litter depth 
(fine and coarse litter combined) and ground vegetation cover (≤ 50 cm height). 
These habitat variables were calculated for each habitat monitoring plot at which a 
camera (site level analyses) was located. For landscape-level analyses, data were 
pooled for the 12 plots in each landscape. Dead trees could not be used as an 
independent variable due to insufficient records in plots (n=13 dead trees >30 cm 
diameter). Continuous predictor variables were standardised by subtracting the 
mean from each observation and dividing by the standard deviation. This allowed 
for direct comparison of variable coefficients. 
Tree density was calculated as the number of individual trees per hectare (whether 
single or multi-stemmed). Ground vegetation cover was calculated as the 
proportion of points that had at least one hit of ‘cover’ between 0 – 50 cm above 
ground (40 points per site). Ground cover included dead material (e.g. sticks), 
shrubs and vegetation. This height was seen as the most relevant vegetative cover 
for A. flavipes (Stokes et al., 2004).  
Vegetation types reflect variation in soil type and moisture, and position in the 
landscape (e.g. high or low on a slope). To assign each landscape to a dominant 
vegetation type, I carried out ordination and cluster analyses based on the relative 
proportions of red ironbark Eucalyptus tricarpa, grey box E. microcarpa, red 
stringybark E. macrorhyncha and red box E. polyanthemos recorded from plots in 
the landscape. Three categories were recognised from these analyses (Table 3.3): 
Category A: red ironbark / grey box, which is associated with lower slopes; B: red 
ironbark dominated, typical of mid slopes; and C: red-ironbark / red stringybark / 
red box mix, typical of dry upper slopes and ridges (Muir et al., 1995). These 
categories were also used to assign sites to a vegetation type, based on tree species 
present in the habitat plot. 
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Table 3.3. Vegetation types in box-ironbark forest study landscapes recognized from 
ordination and cluster analyses. These were based on proportions of tree species present 
within each landscape, including red ironbark Eucalyptus tricarpa, grey box E. microcarpa, 
red stringybark E. macrorhyncha and red box E. polyanthemos. 
 
Likely position in 
the landscape 
Relative proportions of tree 
species present (%) 
  GB RI RS or RB 
A (Red Ironbark / Grey Box) Lower slopes 14 - 26 53 – 66 6 – 20 
B (Red Ironbark dominated) Mid slopes 2 - 15 70 – 82 5 – 18 
C (Red Ironbark / Red Stringybark / 
Red Box) 
Upper slopes 1 - 25 33 – 68 23 – 39 
 
 
To assess whether the presence of predators or competitors may influence A. 
flavipes activity, the activity of a predator, the red fox, and a competitor, the brush-
tailed phascogale, were also included as predictors. Activity of these species was 
calculated in the same way as for A. flavipes activity. 
Correlations and hierarchical cluster analysis (Ward’s minimum variance method; 
Legendre and Legendre, 2012) were undertaken using the R commander package 
2.3-2 (Fox, 2005) in R 3.1.2 (R Core Team, 2014). 
 
Model selection 
I developed models to test four hypotheses of factors likely to influence A. flavipes 
activity (Table 3.4): 
• Model 1 Presence of habitat structures likely to contain hollows for den site 
use 
• Model 2: Variables representing foraging habitat 
• Model 3: Vegetation types and tree density 
• Model 4: Competitors and predators 
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Table 3.4. Description of predictor variables used for each test of factors likely to influence 
A. flavipes activity. 
Model Variable Measure 
1. Hollow availability Large trees Number of medium-large trees (≥ 40 cm 
diameter) per ha 
 Large logs 
 
Stumps with 
hollows 
 
Number of medium-large logs (≥ 20 cm 
diameter) per ha 
Number of stumps (≥ 20 cm diameter) 
containing visible hollows per ha 
2. Foraging habitat Leaf litter Average depth of leaf litter (coarse and fine 
combined)  
 Ground cover Proportion of hits of ground cover (<50 cm) 
 
3. Vegetation type Vegetation type Vegetation type (category A, B, C)* 
 Tree density Number of trees per ha (all sizes)  
 
4. Competitors and 
predators 
Phascogale Proportion of nights the brush-tailed 
phascogale was active 
 Fox Proportion of nights the red fox was active 
* A: red ironbark / grey box, B: red ironbark dominated, and C: red-ironbark / red 
stringybark / red box. 
 
 
For the site level analysis, I used generalised linear mixed models (GLMM) to relate 
response variables to predictor variable. ‘Landscape’ was included as a random 
effect to account for sites that were located within the same landscape (Zuur et al., 
2009). Since response variables were proportions, I used a proportional binomial 
model with a logit-link function. 
For the landscape level analysis, I used generalised linear models (GLM), also using a 
proportional binomial model with a logit-link function. I calculated the dispersion 
value (c-hat) of the global model (all factors included) and found overdispersion in 
the data. This was corrected by using a quasi-binomial distribution in the final 
models. 
I employed Akaike’s information criterion for small sample size (AICc) to compare 
models representing competing hypotheses, combinations of each model and a 
global model. I calculated Akaike weights for each model and if there was no single 
‘best’ model with an AIC weight >95%, I then inspected candidate models included 
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in the top 95% of Akaike weights for the presence of influential variables. Variables 
were considered influential if the 90% confidence interval of the coefficient did not 
include zero. I chose this confidence interval as a precautionary approach, because 
detecting habitat-species relationships can be difficult with a relatively small sample 
size (Smith et al. 2013). A new ‘final’ model (GLMM for site level, GLM for landscape 
level) which included the influential variables was then run. Variables from this final 
model were considered influential if the 90% confidence interval of their coefficient 
did not overlap with zero. 
The detectability of A. flavipes during late-winter surveys was too low to be 
included in analyses, so only six landscapes that were also surveyed in spring (i.e. 
surveyed in both Aug and Oct 2011) were included for the analysis of habitat use 
during the breeding season. A total of six landscapes did not provide sufficient data 
to compare the full model and all combinations of the four candidate models. 
Therefore, only the four candidate models were put forward individually for this 
survey round and compared using AICc. 
During summer (Jan – Feb 2011), activity of A. flavipes in one landscape (PR) was 
substantially higher than other landscapes (30% higher than the next closest 
landscape). To test whether this higher activity was influencing model selection in 
the landscape level analysis, AIC was run both with and without PR. There did seem 
to be an influence from PR, so results are reported for both models. Similarly, 
during summer, at the site level, one site (PR6) recorded an activity level three 
times higher than the next most active site. AIC was run both with and without PR6. 
The top three models were the same so PR6 was kept in the analysis. 
Model ranking was undertaken using ‘AICcmodavg’ (Mazerolle, 2015) and GLMMs 
and GLMs using the R package ‘lme4’ (Bates et al., 2014). R2 values for GLMM were 
calculated using the MuMIn package (Barton, 2015; Nakagawa and Schielzeth, 
2013), while pseudo-R2 values for GLM were calculated using the pscl package 
(Jackman, 2015). Residual plots were inspected to ensure adequate model fit.  
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3.4. Results 
3.4.1. Species identification and detection probability 
There was a total survey effort of 2384 camera-nights during summer (Jan-Feb 
2011) and 1760 camera-nights during late winter and spring (Aug -Oct 2011) across 
the 22 landscapes. Overall, A. flavipes was detected at 19 of the 22 landscapes 
(Table S3.1). Other native mammal species detected included the common brushtail 
possum Trichosurus vulpecula (17 of 22 landscapes), brush-tailed phascogale 
(16/22), eastern grey kangaroo Macropus giganteus (15/22), short-beaked echidna 
Tachyglossus aculeatus (15/22) and black wallaby Wallabia bicolor (11/22; Fig 3.3). 
Predators of A. flavipes that were frequently encountered included the red fox 
(17/22 landscapes) and the tree goanna Varanus varius (15/22; Fig 3.3). For a full 
list of mammals, birds and reptile species recorded, see Table S3.2. 
The detectability of A. flavipes with cameras varied between surveys (Table 3.5). 
Modelling was undertaken only for datasets for which the survey effort was 
sufficient to ensure at least 80% detectability of A. flavipes (Table 3.5). At the site 
level, this was possible only for the summer (Jan-Feb) surveys because during late 
winter/spring surveys the detectability was only one-tenth of the detectability in 
summer (Table 3.5). At the landscape level, detectability was sufficient for both 
summer (Jan-Feb) and spring (Aug-Oct combined) surveys. To achieve 80% 
detectability for spring surveys, 22 nights of surveys was required and only those 
landscapes surveyed for a second occasion during October had sufficient survey 
nights to be used in analyses (i.e. n = 6 landscapes). The red fox and brush-tailed 
phascogale had low detectability at the site level, so were used as predictors only in 
the landscape level analyses. 
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Figure 3.3. Examples of mammal and reptile species captured on cameras during surveys (a) 
yellow-footed antechinus Antechinus flavipes; (b) common brushtail possum Trichosurus 
vulpecula; (c) red fox Vulpes vulpes; (d) brush-tailed phascogale Phascogale tapoatafa; (e) 
eastern grey kangaroo Macropus giganteus; (f) short-beaked echidna Tachyglossus 
aculeatus; (g) black wallaby Wallabia bicolor; (h) tree goanna Varanus varius.  
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Table 3.5. Detection probability calculated from single-season site occupancy modelling for 
Antechinus flavipes. This includes the number of nights of survey effort at each camera 
(Nn), the naïve occupancy (proportion of sites or landscapes where A. flavipes was 
detected), detection probability (p), estimated occupancy and the number of nights 
required for 80% confidence of detection at the site or landscape level if the species is 
present (N 80%). Survey 1 (Jan-Feb 2011), survey 2 (August 2011), survey 3 (October 2011). 
 Survey Nn Naïve p 
SE 
(p) 
Estimated (95% 
CI) 
N 
80% 
Site level 
1 
19-
28 
0.24 0.071 0.012 0.303 (±0.110) 22 
 
2 
14-
21 
0.10 0.007 0.002 # # 
 
3 
14-
21 
0.10 0.007 0.002 # # 
 2 + 3 
combined 
14-
35 
0.14 0.015 0.008 0.480 (±0.468) 106* 
Landscape 
level 
1 19 0.63 0.133 0.020 0.681 (±0.220) 12 
 2 14 0.58 0.054 0.020 # # 
 3 14 0.50 0.118 0.060 0.603 (±0.533) 13 
 2 + 3 
combined 
28 0.67 0.072 0.030 0.768 (±0.472) 22 
*Detection probability too low for 80% confidence of detection if the species is present 
#p-value too low for sufficient estimation of occupancy. 
 
 
3.4.2. Variables influencing the activity of A. flavipes at site and landscape 
levels 
The top 95% of candidate models for each analysis at the site and landscape level 
are shown in Table 3.6. Influential variables from these models were used to create 
a final model (Table 3.7; and also see S3.3). From these final models, variables for 
which the 90% confidence interval of the estimate did not overlap with zero were 
deemed to be influential to A. flavipes activity (Fig 3.4). 
During summer, at the site level only large trees showed a significant positive 
association with A. flavipes activity (Fig. 3.4a). During summer, at the landscape 
level, large trees, large logs and hollow stumps showed a significant positive 
association with A. flavipes activity in a model which included landscape PR (highest 
activity level of A. flavipes) (Fig. 3.4b). In a model excluding landscape PR, large 
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trees showed a positive association with A. flavipes activity and tree density was 
negatively correlated with A. flavipes activity (Fig. 3.4c).  
During spring, at the landscape level, ground cover and leaf litter depth were 
positively associated with the activity of A. flavipes. At this time, females were the 
only adults alive. As noted above, this model was based on six landscapes compared 
to 22 landscapes surveyed during summer. 
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Table 3.6. Candidate models for the effect of habitat variables on the activity of Antechinus flavipes in box-ironbark forest. Included are degrees of 
freedom (df), log-likelihood values (LL) or quasi-log-likelihood values (QLL), AICc values (AICc) or quasi AICc values (QAICc), the difference in AICc 
from the best model (∆AICc), Akaike weights (Wt). R2m is the marginal R2 value of the fixed term for GLMM, or the maximum likelihood pseudo r-
squared for the GLM. R2c is the conditional R2 value of the fixed and random terms for GLMM, or Cragg and Uhler’s pseudo r-squared for GLM. 
Only models in the top 95% weighting are shown. 
Scale Season Model 
Type 
Model structure df LL 
or QLLQ 
AICc or 
QAICcQ 
∆AICc Wt R2m R2c 
Site Summer GLMM Large trees + Large logs + Stumps with hollows + 
Ground cover + Leaf litter 
7 -95.87 206.88 0 0.56 0.11 0.11 
   Large trees + Large logs + Stumps with hollows 5 -98.49 207.57 0.69 0.40 0.09 0.09 
           
Landscape Summer GLM Large trees + Large logs + Stumps with hollows 5 -29.33Q 72.41Q 0 0.90 0.80 0.81 
   Large trees + Large log + Stumps with hollows + 
Ground cover + Leaf litter 
7 -28.19Q 78.39Q 5.98 0.05 0.83 0.83 
           
Landscape# Summer GLM Vegetation type + Tree density 5 -26.30Q 66.59Q 0 0.93 0.67 0.68 
   Large trees + Large logs + Stumps with hollows 5 -29.93Q 73.86Q 7.26 0.02 0.51 0.52 
           
Landscape Spring^ GLM Ground cover + Leaf litter 3 -5.23 28.46 0 0.67 0.57 0.62 
   Phascogale + Fox 3 -6.19 30.38 1.92 0.26 0.41 0.46 
^Spring, October surveys - 6 landscapes used 
#One influential landscape removed 
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Table 3.7. Final models for each scale (site, landscape) and season for the activity of A. 
flavipes. R2m is the marginal R2 value of the fixed term for GLMM, or the maximum 
likelihood pseudo r-squared for the GLM. R2c is the conditional R2 value of the fixed and 
random terms for GLMM, or Cragg and Uhler’s pseudo r-squared for GLM. Only models in 
the top 95% weighting are shown. 
Area Season Model structure R2m R2c 
Site Summer Large trees + Leaf litter depth + (1/Landscape) 0.08 0.08 
Landscape Summer Large trees + Large logs + Stumps with hollows + 
Ground cover 
0.82 0.82 
Landscape Summer# Large trees + Large logs + Stumps with hollows + 
Vegetation type + Tree density 
0.70 0.71 
Landscape Spring^ Ground cover + Leaf litter depth 0.57 0.62 
^Spring – 6 landscapes used only October surveys 
#One influential landscape removed 
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Figure 3.4. Estimates and associated confidence intervals for predictor variables of 
Antechinus flavipes activity level at: (a) the site level during summer; (b) the landscape level 
during summer; (c) the landscape level during summer with the influence of landscape PR 
removed, and (d) the landscape level during spring. Parameters are considered important if 
confidence intervals do not cross zero at the 90% confidence interval (white circles). 
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3.5. Discussion 
Understanding the relationship between small mammals and their environment is 
an important basis for effective conservation and management. This is particularly 
relevant in highly disturbed forest ecosystems where habitat structures such as 
hollow-bearing trees and logs have been reduced over time (e.g. Cockle et al., 
2011). Here, I studied the distribution and activity of A. flavipes and found that it 
has a widespread distribution across the box-ironbark forest, but may be locally 
uncommon, with relatively low detectability at the site level (individual camera). 
The abundance of habitat structures at both the landscape and site levels had a 
strong influence on the distribution and activity levels of A. flavipes. 
The activity of A. flavipes was positively associated with the abundance of large 
trees at both the site and landscape level, and the abundance of large logs and 
stumps with hollows at the landscape level (~100 ha). This species uses hollows in 
habitat structures such as large trees, large logs and stumps for denning, nesting, 
resting, socialisation, breeding, insulation and for protection from predators 
(Coates, 1995; Dickman, 1991; Gibbons and Lindenmayer, 2002; Marchesan and 
Carthew, 2004). Large trees and logs may also provide more habitat for 
invertebrates, the main food sources of A. flavipes, and therefore provide better 
foraging opportunities (Dickman, 1991; Lindenmayer et al., 2002). The apparent 
importance of such habitat structures in this study is consistent with previous work 
by Lada et al. (2008) who found that A. flavipes was associated with forest stands of 
increasing wood load and larger tree size. Trees and logs of increasing diameter 
contain more hollows, and a larger variety of hollows, compared to smaller trees 
and logs (Bennett et al., 1994; Bütler et al., 2013; Lindenmayer et al., 1993; Williams 
and Faunt, 1997) and therefore, it is likely that the availability of hollows is 
important for A. flavipes. 
There was evidence that foraging resources such as deep leaf litter and increasing 
proportions of ground cover were positively associated with A. flavipes activity 
during spring. The depth of leaf litter may allow more macroinvertebrates to be 
present, as prey, during this energetically-demanding lactating period (York, 1999). 
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Ensuring an adequate supply of macroinvertebrates in the diet of lactating females 
and dispersing juveniles has been suggested as one benefit of male die-off in this 
species (Smith, 1984). Also, ground cover may be essential during this time to 
protect females and dispersing juveniles from predators (Hradsky et al., 2017).  
In addition, a preference for deep leaf litter and low cover could be influencing the 
habitat choice of females throughout the year. Camera trapping data has limitations 
in the ability to identify individuals and the gender of individuals within A. flavipes 
populations. Females have been shown to remain in close proximity to their 
maternal den, while males disperse (Marchesan and Carthew, 2004). Habitat 
preferences may therefore differ between males and females. A disproportionate 
use of habitat selections by males and females has been shown in other small 
mammal species such as the swamp rat and grey mouse lemur, with males using a 
wider selection of resources and females requiring more specific habitat to meet 
their breeding season requirements (Fox and Monamy, 2007; Lutermann et al., 
2010). More information is needed to confirm if this is the case for A. flavipes. 
During spring, it is likely that there is still a positive association with large trees and 
logs, however low detectability of the species may have reduced the power of the 
data analysis to detect significance. 
The presence of large trees and logs with hollows, dense low cover and deep leaf 
litter is characteristic of older, structurally complex forest patches (Eyre et al., 2010; 
Lindenmayer et al., 2012b; Linder and Östlund, 1998). Small mammals often prefer 
structurally complex habitat, which can provide many benefits for foraging and 
protection from predators (Camp et al., 2012; Stokes et al., 2004). However, large 
living and dead trees and large logs are now rare in this ecosystem due to a history 
of sustained anthropogenic land use, including intensive gold-mining, logging and 
firewood collection (Holland et al., 2017; Lawrence and Bellette, 2010). The density 
of hollow-bearing trees can influence the abundance of many hollow dependent 
species, including arboreal mammals and birds (Cockle et al., 2011; Lindenmayer et 
al., 1991). Therefore, limited availability of structurally complex habitat is likely to 
be one of the factors limiting the abundance of A. flavipes in dry box-ironbark 
forests. 
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There was little evidence in this study of a relationship between forest vegetation 
type (reflecting topographic position in the landscape) and A. flavipes activity. 
Contrary to this finding, a previous study in box-ironbark forest found that A. 
flavipes is significantly more abundant in relatively moist drainage lines or gully 
systems within the forest (Soderquist and Mac Nally, 2000). Also, in other 
ecosystems, A. flavipes and other species of dasyurids have been found to be more 
abundant, or have larger body sizes, in gullies or wetter areas (Lada et al., 2007; 
Recher et al., 2009; Rhind and Bradley, 2002; Soderquist and Mac Nally, 2000). It is 
possible that during the study period, A. flavipes abundance was higher in gully or 
low-lying areas within the forest, however, topographic variation was not part of 
the study design (Holland et al., 2017). My study design was deliberately 
constrained to selecting ‘landscapes’ (~100 ha) that were relatively uniform in 
vegetation type and therefore, avoided low-lying or moister areas of the forest 
where vegetation differed (Holland et al., 2017). This design allowed a comparison 
of fire treatments within similar forest vegetation, however, has limited my ability 
to test for differential use of topographic position by A. flavipes. In years of drought, 
it is likely that moister areas such as drainage lines, serve as a refuge for A. flavipes 
and other species in this dry forest ecosystem (Kelly et al., 2010; Nimmo et al., 
2016; Soderquist and Mac Nally, 2000). Therefore, if gullies and low-lying areas 
within the forest do provide refuge from drought, it would be beneficial to manage 
prescribed burning to avoid such areas. 
The presence and activity level of a known predator, the red fox, and a likely 
competitor, the brush-tailed phascogale, were not correlated with A. flavipes 
activity. Foxes are not the only predators of A. flavipes in this ecosystem, others 
include the tree goanna Varanus varius, snakes and birds of prey (Fulton, 2010; 
Morton et al., 1989). The influence of predators on the demography of A. flavipes is 
not well known, but it is likely that predators impose pressure on A. flavipes to 
select forest habitats that provide appropriate shelter, refuge and breeding sites 
(Stokes et al., 2004). The brush-tailed phascogale, another dasyurid marsupial, likely 
competes with A. flavipes for hollow resources and food (e.g. large invertebrates), 
and may also be a predator (Fox, 2011). Other small insectivorous marsupials, such 
as the common dunnart Sminthopsis murina, are scarce in this forest (Tzaros, 2005). 
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While phascogales appear to be the most numerous competitor, there was no 
evidence that their presence or activity significantly influenced the activity of A. 
flavipes at the landscape level. In other ecosystems, competition can affect the 
distribution of antechinus species, including A. flavipes (C. R. Dickman, 1986; Mowat 
et al., 2015). 
An interesting finding from this study is the difference between trapping rates 
during autumn and spring. Male A. flavipes all die-off following a short but vigorous 
mating season in late winter, resulting in a population of females with young either 
attached to their mother or cared for in a nest during spring (Coates, 1995; 
Dickman, 1980). With the die-off of all males and some female deaths due to 
natural attrition, the population size in spring should be slightly less than half of 
that present in summer (Section 2.2). However, in late winter and spring, the 
detection probability at sites (i.e. single cameras) was only one-tenth of the summer 
detectability. This suggests that difficulty in trapping or recording A. flavipes during 
spring, using small mammal traps (section 2.4) or cameras, may also be due to 
behavioural changes, such as more time spent in nests, with fewer forays for 
foraging. This is important to acknowledge for monitoring of A. flavipes populations. 
Spring-time monitoring may be appropriate only in areas with a high density of A. 
flavipes and may yield few results following periods of drought, when population 
abundance is lower. 
Conclusions 
Associations found here between A. flavipes and habitat structures, particularly 
hollow resources and foraging resources, strengthen general findings in the 
literature that small mammals are strongly related to their habitat (Camp et al., 
2012; Catling et al., 2001; Johnson, 1980). The conservation of forest patches with 
structurally complex habitat, such as large trees, logs and deep leaf litter should be 
a key consideration for future management of this forest. Structurally complex 
habitat would benefit A. flavipes, as well as other species that rely on these 
resources such as arboreal mammals (e.g. brush-tailed phascogale, Phascogale 
tapoatafa), bats (e.g. southern forest bat, Vespadelus regulus), birds (e.g. powerful 
owl, Ninox strenua) and reptiles (e.g. tree goanna, Varanus varius; Tzaros, 2005).  
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3.6. Supplementary material 
Table S3.1. Records of Antechinus flavipes from remote cameras in study landscapes in a 
box-ironbark forest. Presence: the number of sites at which A. flavipes was recorded on 
camera out of the number of working cameras across the landscape. Activity: the number 
of nights on which A. flavipes was recorded on cameras out of the number of nights that 
cameras were active across the landscape. 
Landscape Summer Spring 
 Presence Activity Presence Activity 
AR 0/5 0/105 1/10 1/150 
BR 0/4 0/82 - - 
CAH 1/5 1/105 - - 
DSH 0/4 0/88 2/10 2/170 
EAL 1/5 1/110 - - 
FSL 1/5 2/105 0/8 0/121 
GAL 0/5 0/140 - - 
HAH 1/5 1/135 - - 
ISH 1/4 1/88 0/10^ 0/294^ 
JAH 2/5 2/105 - - 
KAL 1/4 3/112 - - 
LSL 2/5 2/110 3/10 3/180 
MR 0/5 0/110 2/10^ 2/340^ 
NSL 1/5 2/120 1/9 1/136 
OAH 2/5 5/103 - - 
PR 3/5 12/110 2/10^ 2/329^ 
QSL 2/5 3/110 2/10 2/150 
RSH 2/5 4/110 2/10^ 4/300^ 
SR 1/5 2/110 - - 
TSH 0/5 0/110 0/10^ 0/286^ 
UR 1/5 1/110 2/10^ 3/340^ 
VAL 4/5 9/110 - - 
Average proportion 0.241 0.021 0.143 0.007 
Range 0 – 0.80 0 - 0.11 0 - 0.30 0 - 0.02 
Average percentage 24.1% 2.1% 14.3% 0.7% 
^ Landscapes surveyed twice, once during late Aug, then again in October 
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Table S3.2. Species recorded on camera traps and the number of study landscapes (each 
~100 ha) in which each was recorded during summer (Jan-Feb 2011), spring (Oct 2011) and 
across all surveys (combined). The total number of landscapes surveyed in each survey 
period is shown in parenthesis. 
Common name Scientific name Number of landscapes 
  summer spring combined 
  (22) (12) (22) 
Native mammals     
Yellow-footed antechinus Antechinus flavipes 16 9 19 
Common brushtail possum Trichosurus vulpecula 15 11 17 
Brush-tailed phascogale Phascogale tapoatafa 15 7 16 
Eastern grey kangaroo Macropus giganteus 13 10 15 
Short-beaked echidna Tachyglossus aculeatus 8 11 15 
Black wallaby Wallabia bicolor 8 7 11 
Sugar glider Petaurus breviceps 0 1 1 
     
Introduced mammals     
Red fox Vulpes vulpes 12 7 17 
Goat Capra hircus 3 5 6 
Black rat Rattus rattus 0 1 1 
     
Reptiles     
Tree goanna Varanus varius 14 6 15 
Jacky lizard Amphibolurus muricatus 5 1  
Bearded dragon Pogona barbata 3 0 3 
     
Birds     
Australian/little raven Corvus coronoides/mellori 3 4 7 
Buff-rumped thornbill Acanthiza reguloides 1 0 1 
Grey/pied currawong Strepera 
versicolor/graculina 
8 9 15 
Grey shrike-thrush Colluricincla harmonica 3 6 6 
Australian magpie Gymnorhina tibicen 5 4 8 
Red wattle bird Anthochaera carunculata 1 5 6 
Spotted quail-thrush Cinclosoma punctatum 5 1 6 
Wedge-tailed eagle Aquila audax 1 0 1 
White-throated tree-
creeper 
Cormobates leucophaeus 
2 11 11 
White-winged chough Corcorax melanorhamphos 18 7 18 
Yellow-tufted honeyeater Lichenostomus melanops 2 2 4 
Brown treecreeper Climacteris picumnus 0 1 1 
Owlet night-jar Aegotheles cristatus 0 1 1 
Emu Dromaius novaehollandiae 0 1 1 
Unidentified bird - 3 11 14 
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Table S3.3. The top models explaining Antechinus flavipes activity levels selected using 
Akaike’s information criterion for small sample size (AICc). Results are from generalised 
linear models (a) or generalised linear mixed models (b, c, d) with influential variables 
shown in bold. 
Variable Estimate SE Lower 90% CI Upper 90% CI 
a) Site – summer     
Model 1     
Intercept -4.291 0.257 -4.714 -3.868 
Large tree 0.629 0.139 0.400 0.858 
Large log 0.135 0.135 -0.088 0.357 
Stump with hollow 0.185 0.167 -0.089 0.459 
Ground cover -0.278 0.195 -0.599 0.043 
Leaf litter depth -0.300 0.171 -0.580 -0.019 
Model 2     
Intercept -4.225 0.247 -4.631 -3.819 
Large tree 0.577 0.134 0.356 0.797 
Large log 0.058 0.137 -0.167 0.284 
Stump with hollow 0.136 0.158 -0.124 0.396 
     
(b) Landscape – summer     
Model 1     
Intercept -4.219 0.194 -4.538 -3.900 
Large tree 0.550 0.157 0.291 0.809 
Large log 0.479 0.161 0.215 0.743 
Stump with hollow 0.701 0.146 0.460 0.942 
Model 2     
Intercept -4.272 0.203 -4.606 -3.938 
Large tree 0.622 0.164 0.352 0.892 
Large log 0.745 0.235 0.358 1.132 
Stump with hollow 0.656 0.143 0.421 0.891 
Ground cover -0.407 0.243 -0.807 -0.007 
Leaf litter depth -0.086 0.191 -0.400 0.228 
     
c) Landscape# - Summer     
Model 1     
Intercept -3.852 0.245 -4.256 -3.449 
Vegetation type* – grey box -1.286 0.493 -2.096 -0.475 
                     - red stringybark -0.687 0.442 -1.415 0.040 
Tree density -0.606 0.190 -0.918 -0.293 
Model 2     
Intercept -4.228 0.189 -4.538 -3.917 
Large tree 0.503 0.155 0.248 0.757 
Large log 0.321 0.192 0.005 0.637 
Stump with hollow 0.408 0.230 0.029 0.787 
     
d) Landscape - spring     
Model 1     
Intercept -3.295 0.739 -4.510 -2.079 
Ground cover 1.415 0.859 0.002 2.827 
Leaf litter 1.485 0.805 0.161 2.809 
Model 2     
Intercept -2.840 0.551 -3.747 -1.933 
Predator (Fox) -0.814 0.517 -1.666 0.037 
Competitor (Phascogale) -0.045 0.501 -0.870 0.780 
*The reference category for vegetation type is red ironbark 
#A second landscape – without one influential landscape – landscape ‘PR’ 
Chapter 4 - Effects of prescribed burning on 
the activity of the yellow-footed antechinus 
Antechinus flavipes 
Changes to habitat structures used by the yellow-footed antechinus Antechinus flavipes 
were observed after prescribed burning in a dry box-ironbark forest. Here, a large log that 
was used by A. flavipes as a den site has been lost during a low coverage burn.  
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4.1. Abstract 
Fire can alter the distribution and relative abundance of faunal species either 
directly, through loss of life or emigration, or more commonly, indirectly via 
changes to habitat, predation pressure or food availability. Prescribed burning is 
increasingly being used in ecosystems worldwide, yet often with limited knowledge 
of how these processes may affect the biota. Here, I studied a small-insectivorous 
marsupial, the yellow-footed antechinus Antechinus flavipes, to investigate the 
effect of prescribed burning on its distribution and abundance in a dry forest 
ecosystem. I also considered whether the activity of predators and food availability 
might influence this response. I employed a before-after, impact-control design, in 
which study ‘landscapes’ (each ~100 ha) were burnt during autumn or spring or left 
unburnt as reference landscapes. I used camera trapping to gather information on 
activity levels of both A. flavipes and its predators (i.e. red fox Vulpes vulpes, tree 
goanna Varanus varius) before and after experimental burns across 22 study 
landscapes. I also sampled the abundance of ground-dwelling invertebrates after 
burning during spring, using pitfall traps, in burnt and unburnt study areas. Due to 
weather conditions and operational circumstances, autumn burns were all low 
coverage (22 - 51% landscape burn cover) and low intensity, while spring burns 
were higher coverage (52 - 89%) and higher intensity. Therefore, it was not possible 
to distinguish differential effects due to season and extent of burn cover in the 
landscape. After spring burning (with greater cover burns), the activity of A. flavipes 
was significantly lower in burnt landscapes compared to unburnt reference 
landscapes; whereas this was not the case after autumn burning. In spring, 
invertebrates considered prey of A. flavipes had a lower abundance in the burnt 
area compared to the unburnt area, particularly for larger invertebrates (>7 mm 
body length). There was no correlation between A. flavipes activity and predator 
activity. It is likely that several factors contributed to the lower activity of A. flavipes 
after spring burning. The greater extent of burns in spring meant a greater 
reduction in habitat structures such as litter cover, and density of logs, stumps and 
large trees. This could influence the availability of refuge sites and foraging habitat 
for this species. Spring burning also coincides with the breeding season, when only 
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female A. flavipes with young in a nest are present in the population. The species 
could be more vulnerable to both the direct and indirect effects of burning during 
spring. The precautionary principle would suggest that to mitigate potential 
detrimental effects of prescribed burning, fire managers should carefully consider 
the timing or season of prescribed burning and use lower coverage, patchy burns to 
reduce the loss of habitat structures.   
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4.2. Introduction 
Fire is a natural disturbance process in many ecosystems globally, that can change 
the structure and composition of plant and animal communities (Bond et al., 2005; 
Turner et al., 2003; Whelan, 1995). Fire can affect faunal populations directly, 
through loss of life or post-fire emigration of individuals, or indirectly, through 
changes to habitat, interspecific interactions and food availability (Banks et al., 
2011b; Conner et al., 2011; Haslem et al., 2011; Morris et al., 2011c; Robinson et al., 
2013). Therefore, the response of faunal species to fire can be influenced by their 
requirements for food, shelter and breeding sites (Friend, 1993; Swan et al., 2016). 
Small animals that are less mobile in relation to the scale of a fire, and are less able 
to move large distances into unburnt habitat, often show a close relationship with 
vegetation structure and succession after fire (Driscoll and Henderson, 2008; Fox et 
al., 1985). For example, some small mammal species that require dense ground-
layer vegetation have been found to decrease in abundance in the weeks, months 
or years after burning, with abundance remaining low until suitable habitat 
becomes available in the post-fire succession (Fox, 1982; Kelly et al., 2011). 
Conversely, species that thrive in more-open vegetation, and which may be sparse 
or absent prior to fire, may increase in abundance early in the post-fire succession 
and gradually reduce in abundance as dense vegetation returns (e.g. House mouse 
Mus musculus; Kelly et al., 2011; Recher et al., 2009). While such dynamics have 
been linked to successional changes in habitat suitability (e.g. the 'habitat 
accommodation' model; Fox, 1982), less is known about other processes that may 
contribute to post-fire changes in local abundance, such as predation, food 
availability and competition. 
Fire, whether wildfire or prescribed burning, may increase the vulnerability of small 
mammals to predation and affect their foraging behaviour – at least in the short 
term. A reduction in ground-layer structural complexity, towards a more open 
habitat, can increase the success of predators through greater capacity to detect 
and capture their prey (Hradsky et al., 2017). The loss of specific habitat structures, 
such as logs and stumps, can reduce the number of refuge sites for small mammals. 
As a response to less cover, small mammals may also change their foraging 
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behaviour; for example, by foraging less frequently in open areas, foraging at 
different times of the day, or by reducing the duration of foraging activity through 
behaviours such as increasing bouts of torpor in the post-burn environment (e.g. 
Fordyce et al., 2016; Matthews et al., 2017). With changes in the availability of 
refuge cover, small mammals will need to weigh up the relative benefits of foraging 
for prey, with the increased risk of predation (Laundré et al., 2014, e.g. landscape of 
fear paradigm; 2001). 
For insectivorous mammals relying on prey in ground-layer habitat structures, there 
could be a decrease in food availability after fire, because it is the ground layer that 
typically experiences the greatest change following fire (Holland et al., 2017). An 
increased complexity of ground-layer habitat has been associated with greater 
abundance and diversity of invertebrates (Evans et al., 2003; Lindsay and 
Cunningham, 2009). Similar to small mammals, invertebrate responses to fire can 
be related to their habitat requirements, with changes to plant species composition, 
vertical distribution of habitat and habitat complexity influencing species diversity 
and composition (Higgins et al., 2014; Hindmarsh and Majer, 1977; McCullough et 
al., 1998). Differential responses of invertebrates to fire have been found between 
taxa (see reviews in Friend, 1995; McCullough et al., 1998; New et al., 2010; 
Swengel, 2001). However, an opportunistic small mammal is more likely to respond 
to overall changes in abundance of their main prey taxa, particularly for those taxa 
that provide the best potential energy gains (Fisher and Dickman, 1993). Little is 
known about how such predator-prey relationships may be altered by fire. 
Here, I studied a small-insectivorous marsupial, the yellow-footed antechinus 
Antechinus flavipes, to investigate the effect of prescribed burning on its 
distribution and activity in a dry forest ecosystem. To consider mechanisms that 
may be associated with any change, I also assessed the activity of predators of A. 
flavipes and the relative abundance of invertebrate prey. Since past studies have 
shown that the response of small mammals to burning can be context dependent 
(Kelly et al., 2017), I employed an experimental approach to test for differential 
responses to prescribed burns in different seasons and of different extent 
(coverage) across the landscape. Therefore, the study had three main objectives. 
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First, I investigated whether burning affects the activity of A. flavipes by comparing 
burnt landscapes to unburnt reference landscapes. Second, I tested whether the 
level of activity of predators was associated with the activity level of A. flavipes after 
burning. Third, to examine differences in the relative abundance of ground-dwelling 
invertebrates, a common prey item for A. flavipes, I compared burnt versus unburnt 
microsites.  
I predicted that the activity of A. flavipes would be reduced after prescribed burning 
due to changes to the ground-layer that make the forest habitat less suitable. I also 
predicted that a mechanism for such change in activity could be increased activity 
of predators in the post-burn environment. 
4.3. Methods 
4.3.1. Study area 
The study area is the dry box-ironbark ecosystem in north-central Victoria, 
described in detail in Section 2.1. In summary, there were 22 study landscapes, each 
~ 100 ha in size, and each characterised by a similar forest type dominated by red 
ironbark E. tricarpa. As documented previously (Section 2.3), due to weather and 
availability of fuels at the time of the experimental burns, autumn burn landscapes 
had lower burn coverage than spring burn landscapes (range 22-51% vs 52-89%, 
respectively; Fig 4.1). 
4.3.2. Study species 
A. flavipes is a small dasyurid marsupial that occurs in dry forests in eastern and 
south-western Australia (Section 2.2). Like other Antechinus species, A. flavipes can 
fall prey to a range of both native and introduced predators, such as owls, snakes, 
dingo Canis dingo, red fox Vulpes Vulpes, tree goanna Varanus varius and cat Felis 
catus (Claridge et al., 2010; Fulton, 2010; Green and Osborne, 1981; King and 
Green, 1999; Morton et al., 1989). To lower predation risk, A. flavipes prefers 
structurally complex microhabitats when foraging (Stokes et al., 2004). Habitat 
structures are also important for shelter and den sites for A. flavipes, and as habitat 
for invertebrate prey. 
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Figure 4.1. Due to drought-breaking rains and conditions at the time of conducting 
experimental burns, autumn burns (top) were of lower coverage across study landscapes 
(22 to 51% coverage) than were spring burns (bottom; 52 to 89% coverage). These photos 
also show differences in the amount of crown scorch and resulting cover of dead leaves on 
the ground. 
 
Studies on the diet of A. flavipes are limited but suggest that the most common 
prey items are arthropods. In general, the taxa most frequently eaten by A. flavipes 
are Aranea (spiders), Coleoptera (beetles), Blattodea (cockroaches) and Lepidoptera 
(butterflies and moths; Christopher R. Dickman, 1986; Hindmarsh and Majer, 1977; 
Watt, 1997). Other taxa recorded in the diet include Hymenoptera (bees, wasps but 
excluding ants), Heteroptera (true bugs), Dermaptera (earwigs), Annelida 
(segmented worms) and Chilopoda (centipedes). Formicidae (ants), despite their 
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high abundance in most ecosystems, are rarely eaten as part of the diet (Allison et 
al., 2006; Hindmarsh and Majer, 1977). Less frequently, A. flavipes also reportedly 
takes nectar from the flowers of a variety of shrubs and trees, and preys on house 
mice Mus musculus, small birds and small lizards (Coates, 1995; Fleay, 1949; 
Menkhorst, 1995). Similar to other dasyurid species, A. flavipes prefer larger prey 
items as these yield the greatest net energy return (Fisher and Dickman, 1993). 
Individuals commonly eat prey between 5 – 11 mm in length, with 3 mm appearing 
to be the smallest prey taken by A. flavipes (Dickman, 1988; Fisher and Dickman, 
1993; Green, 1989; Hindmarsh and Majer, 1977). 
4.3.3. Camera surveys  
To detect the presence and activity level of Antechinus flavipes and other small to 
medium-sized mammals, I used passive remote cameras (ScoutGuard 550V digital 
cameras, ScoutGuard IR Cameras, Australia) deployed before and after prescribed 
burns, in 2011 and 2012 (Table 4.1). A detailed description of camera trapping 
methods used before burning is given in Section 3.4. I employed the same methods 
after the burns, including the installation of cameras, bait stations and selection of 
camera sites. 
For autumn-burn landscapes, in Jan-Feb 2011, before burning, six ‘reference’ 
landscapes and eight ‘autumn treatment’ landscapes were surveyed with cameras 
at five sites in each landscape. After the autumn burns, the same eight ‘autumn 
treatment’ landscapes (now burnt) and four of the six reference landscapes were 
surveyed, again with cameras, at the same five sites per landscape (total 60 camera 
survey sites; Table 4.1). Cameras were collected after 21 nights in the field. 
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Table 4.1. A summary of camera surveys including the timing of surveys (pre- or post-burn), 
the number of landscapes (Lands) and survey sites (Sites) sampled and the duration 
(minimum number of days in the field). 
Survey 
No. 
Time of 
survey 
Month 
(2011) 
Duration 
(days) 
Type Lands Sites 
Survey 1 Pre-burn Jan-Feb 21 Reference 
Burnt 
6 
16 
30 
80 
March – April (autumn) 
 
Application of prescribed burns to autumn burn landscapes 
 
Survey 2 Post-burn 
 
May 21 Reference 
Burnt 
4 
8 
20 
40 
       
       
Survey 3 Pre-burn Aug 14 Reference 
Burnt 
4 
8 
40 
80 
  Oct 14 Reference 3 30 
    Burnt 3 30 
 
Oct – Nov (spring) 
 
 
Application of prescribed burns to spring burn landscapes 
 
Survey 4 Post-burn Dec 2011 – 
Jan 2012 
14 or 21* Reference 
Burnt 
4 
8 
20 
40 
*At half (n=5) of the camera survey sites in each landscape, cameras were left in the field 
for 14 days, while the other half were left out for 21 days.  
 
 
For spring-burn landscapes, in Aug 2011, before burning, four ‘reference’ 
landscapes and eight ‘spring treatment’ landscapes were surveyed, with cameras at 
10 sites in each landscape for 14 days in the field (total 120 camera sites; Table 4.1). 
Detection rates of A. flavipes were very low, so a second round of camera surveys 
was undertaken during Oct 2011. This resampling was undertaken at a sub-sample 
of landscapes; this time, three ‘reference’ landscapes and three ‘treatment’ 
landscapes, with cameras at 10 sites in each landscape (total 60 survey sites; Table 
4.1). Cameras were left for 14 days in the field. After the spring burns, all four 
‘reference’ landscapes and eight ‘spring treatment’ landscapes were surveyed (total 
120 camera sites; Table 4.1). Due to a limited number of cameras, surveys were 
undertaken in two rounds (60 camera survey sites per round). Half (n=5) of the 
camera survey sites in each landscape were surveyed for 14 days in the first round, 
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while the other half of camera sites in each landscape were surveyed for 21 days 
due to a greater opportunity for lengthened surveys in the second round. 
 
4.3.4. Pitfall trapping for invertebrates 
Invertebrate data were collected during Nov-Dec 2011 after spring burning had 
taken place. Pitfall trapping was conducted at sites within a burnt landscape (RSH; 
75% burn coverage) and outside the boundary of this burn landscape (unburnt). A 
second unburnt location was also used, where samples were simultaneously 
collected in a complementary project using the same methods (Featherston, 2012). 
This site was ~6 km from RSH and allowed more data to be collected within the time 
available. 
Habitat structures such as trees, logs and stumps can have different microclimates, 
moisture levels, and nutrient holding capacity compared with open ground 
(Featherston, 2012), and therefore potentially have different invertebrate 
communities. Since A. flavipes has been recorded foraging in leaf litter around logs 
and trees (Stokes et al., 2004), I wished to test the hypothesis that such different 
microsites may support varied levels of invertebrate abundance after burning. 
Four types of microsites were chosen as locations for pitfall traps: adjacent to 
stumps, trees and logs, and in open space. Stump sites were stumps ≥ 50 cm in 
diameter and ≤ 1.4 m in height. Tree microsites were defined as adjacent to a living 
red ironbark E. tricarpa, ≥ 50 cm diameter at ~1.4 m height. Log microsites were 
logs ≥ 15 cm diameter (at the centre of the log) and ≥ 1.5 m in length. Open 
microsites were ≥ 7 m from the nearest tree or log. Also, to measure random sites, 
stratified sampling for invertebrates was undertaken, with five pitfall survey sites 
located at 20 m intervals along a single transect within the burnt landscape and in 
both of the unburnt study areas. These microsites were similar to ‘open’ microsites, 
and therefore results were combined for analyses. Microsites were separated by a 
minimum of 20 m, situated at least 100 m from a road, and their location was 
recorded with a GPS. A total of 50 microsites was established (25 in the burnt area 
and 25 in unburnt areas). Five replicates for stumps, trees and logs and 10 for open 
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microsites (including those along the transect) were surveyed within the burnt area, 
and the same within the unburnt study areas (total = 50 sample microsites). 
At each microsite, invertebrates were trapped using pitfall traps, comprising three 
225 ml plastic jars with 50 ml of propylene glycol (20%) as a preservative. Jars were 
buried up to the lip, flush with the soil surface. Jars were placed 40 cm upslope from 
the microsite, with distance to the middle jar measured from the midpoint of the 
feature (i.e. log, tree, stump) and the two other jars 50 cm either side (Fig 4.2a). A 
roof was placed over the pitfalls to limit by-catch of vertebrates and to reduce 
dilution of traps from rainfall. The roof was constructed by using a small wire to 
hold the lid of the jar 2 cm above ground level (Fig 4.2b). Traps were opened 
immediately upon installation and left open for a period of 14 days (Nov - Dec 
2011). After seven days, some traps in the burnt area were found to be full of ants 
up to the depth of the propylene glycol. This did not leave room for further catches 
to be preserved, so an extra 100 ml of propylene glycol (20%) was added to these 
traps. 
Figure 4.2. Pitfall traps were (a) placed upslope from the feature (tree, log, stump, open) 
and (b) buried flush with the soil surface, with a roof constructed to limit by-catch and 
rainfall dilution. ((b) modified from Featherston, 2012). 
Feature 
      50 cm 50 cm 
Upslope 
40 cm 
Pitfalls x 
3 
a) 
b) 
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Invertebrate samples were collected in the field, stored in 70% ethanol and then 
each pitfall trap sorted separately in a lab. Invertebrates were sorted into different 
size categories (<3 mm, 3 - <7 mm, 7 - <13 mm, ≥13 mm) based on body length. 
Invertebrates in the smallest size category (< 3 mm) were not sorted further or 
counted because A. flavipes are not likely to eat prey of this size (Fisher and 
Dickman, 1993). For the remaining size categories, invertebrates were sorted to 
ordinal or family level (Curculionoidae – weevils; Formicidae - ants), with number of 
individuals in each category recorded. Invertebrates were identified using a 
binocular microscope and dichotomous key (CSIRO, 2009). Data from the three 
traps associated with each microsite were combined for data analyses. 
4.3.5. Data analysis 
Small mammal detection probability and activity levels 
First, I identified all images of animals on cameras and recorded the date, time and 
camera site for each (see Section 3.3 for methods of animal identification). To 
ensure that camera sample size was sufficient to detect A. flavipes when they were 
present in the landscape, I calculated the detection probability of A. flavipes using 
an occupancy modelling framework (MacKenzie et al., 2006). Detection probability 
was calculated for pre-burn surveys in Chapter 3 (see Section 3.3.5 for methods); 
here, I calculated the detection probability of A. flavipes in post-burn surveys 
(autumn and spring separately) using the same methods. 
I used regression modelling to examine whether burning affected the activity levels 
of A. flavipes at the landscape scale (~100 ha). The activity level was based on the 
pooled data from all survey sites within a landscape for a given survey period. It was 
measured as the proportion of camera-nights on which A. flavipes was recorded: 
that is, the sum of the number of nights (for each camera) on which A. flavipes was 
recorded divided by the summed number of nights that cameras were active for 
that landscape. For example, if A. flavipes was detected on 3, 4, 1, 0 and 0 nights, 
respectively, for five cameras in the landscape, and each camera was operating for 
21 nights, then the activity level = 8/105. 
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I used generalised linear mixed models (GLMM), with ‘landscape’ included as a 
random factor to account for landscapes being sampled on multiple occasions (Zuur 
et al., 2009). I ran models separately for data relating to the autumn burn 
landscapes and the spring burn landscapes because every survey round did not 
include all landscapes. Hence, analyses for autumn burns used data from surveys 1 
and 2, while analyses for spring burns used data from surveys 1, 3 and 4 (Table 4.1). 
Since the response variable was a proportion, I used proportional binomial models 
with a logit-link function (Table 4.2). Predictor variables included the time of the 
survey (before or after the burn), the type of landscape (treatment or reference), 
the interaction between time of survey and type of landscape, and the activity level 
of predators recorded on cameras (red fox and tree goanna combined). 
 
 
Table 4.2. Final models used for analyses of A. flavipes activity using a generalised linear 
mixed model. Activity = no. of nights present/total no. of camera survey nights; Time = time 
of survey before or after the burn; Type = treatment landscape or reference landscape; 
Predator activity = activity of red fox and tree goanna combined. 
Response variable Model Link Family 
Antechinus activity 
(autumn burns) 
Activity ~ Time x Type + Predator activity 
+ (1/Landscape) 
Logit Binomial 
Antechinus activity 
(spring burns) 
Activity ~ Time x Type + Predator activity 
+ (1 / Landscape) 
Logit Binomial 
 
 
For the analysis of the spring burns, the activity level of A. flavipes in one landscape 
(PR) before burning (round 1) was >30% higher than activity within the next closest 
landscape. Analyses were run both with and without this outlying data point. The 
results were similar, but standard errors were lower without landscape PR, and so 
these results are reported.  
All data analyses were performed using the R commander package 2.3-2 (Fox, 2005) 
in R 3.1.2 (R Core Team, 2014). Packages within the R environment included 
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‘unmarked’ for detection probability (Fiske and Chandler, 2011) and ‘lme4’ for 
GLMMs and associated predictions (Bates et al., 2014). Residual plots were 
inspected to ensure adequate model fit. 
Invertebrates 
To test for an effect of burning on invertebrate abundance, I used regression 
modelling on the combined abundance of taxa considered to be the prey of A. 
flavipes, recorded at each microsite. Based on previous studies of the diet of A. 
flavipes and other Antechinus species, the following nine taxa were presumed to be 
part of the diet and were included in an overall assessment of prey availability: 
Blattodea (cockroaches), Coleoptera (beetles; excluding weevils), Araneae (spiders), 
Lepidoptera (butterflies and moths), Hymenoptera (bees, wasps but excluding ants), 
Hemiptera (true bugs), Annelida (segmented worms), Chilopoda (centipedes) and 
Isoptera (termites). As it is not clear whether weevils are an important part of the 
diet of A. flavipes, I excluded them from the combined analysis but considered them 
in a separate analysis on their own. Ants are unlikely to form part of the diet of A. 
flavipes but were included in a separate analysis due to their abundance and to gain 
further insight into invertebrate occurrence in the ecosystem. 
I used generalised linear models (GLM) to assess factors influencing invertebrate 
abundance. Due to the high frequency of small numbers, a negative binomial 
distribution was used (Zuur et al., 2009). Predictor variables included the burn type 
at the study location (burnt or unburnt), the type of microsite (tree, logs, open, 
stump), the size of invertebrates (3 - <7 mm or ≥7 mm) and interactions between 
these variables. The location of trapping (RSH, outside RSH, or unburnt other) was 
also included as a predictor variable to ensure location was not influencing results. 
Size was dropped from models where there were insufficient data in different size 
categories (i.e. weevils). Where there was no evidence of two-way or three-way 
interactions, or models were failing to converge, these interaction terms were 
dropped from the final model (Table 4.3). 
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Table 4.3. Final models used for analyses of invertebrate abundance using generalised 
linear models. Location = RSH burnt landscape, outside RSH or unburnt other. Burn = the 
type of burn associated with the location, burnt or unburnt. Microsite = stumps, trees, logs, 
open. Size = small (3 - <7 mm) or large (≥7 mm) size of invertebrates. 
Response variable Model Link Family 
Abundance of invertebrate prey 
(combined taxa)* 
Abundance ~ Location + Burn + 
Microsite + Size + (Burn x Size) 
Log Neg. 
Binomial 
Abundance of weevils 
(Curculionoidea) 
Abundance ~ Location + Burn x 
Microsite 
Log Neg. 
binomial 
Abundance of ants 
(Formidacea) 
Abundance ~ Location + Burn + 
Microsite + Size + (Burn x Size) 
Log Neg. 
binomial 
*Includes Coleoptera (excluding weevils), Hymenoptera (excluding ants), Blattodea, 
Lepidoptera, Hemiptera, Araneae, Isoptera, Chilopoda, Annelida 
 
Again, all data analyses were performed using the R commander package 2.3-2 (Fox, 
2005) in R 3.1.2 (R Core Team, 2014). Packages within the R environment included 
‘MASS’ and ‘lme4’ to run negative binomial GLM models (Bates et al., 2014; 
Venables and Ripley, 2002) and ‘AICcmodavg’ to run predictions (Mazerolle, 2015). 
Residual plots were inspected to ensure adequate model fit. 
4.4. Results 
4.4.1. Camera surveys for small mammals 
There was a total survey effort of 4144 camera-nights pre-burn (surveys 1 and 3; 
Table 1) and 3165 camera-nights post-burn (surveys 2 and 4; Table 1) across the 22 
study landscapes. A. flavipes was recorded within 20 of the study landscapes at 
least once (range = 1 – 53 nights recorded in a landscape; mean = 8.2). Predators of 
A. flavipes that were detected on cameras included red fox Vulpes vulpes and tree 
goanna Varanus varius. However, reptiles, such as V. varius, were not recorded in 
post-autumn burn surveys (survey 2) due to inactivity during that time. For a full list 
of mammals, birds and reptile species recorded, see Table S4.1. 
The detectability of A. flavipes varied between surveys but was sufficient for at least 
80% probability of detection in a landscape if the species was present, for each 
survey period (Table 4.4). 
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Modelling of the effects of autumn burns (22-51% burn cover) showed no 
significant difference in the activity level of A. flavipes due to burning (Table S4.2). 
That is, there was no difference in activity associated with the time of the survey or 
the treatment (burnt vs reference) or the interaction between time and treatment. 
Also, there was no evidence that predator activity influenced A. flavipes activity 
(Table S4.2).  
 
Table 4.4. Detection probability calculated from single-season site occupancy modelling for 
Antechinus flavipes. This includes: camera survey period (survey), the number of cameras in 
the landscape (Cam), the minimum number of nights of survey effort at each camera (Nn), 
the naïve occupancy (proportion of landscapes where A. flavipes was detected), detection 
probability (p), standard error of p (SE (p)), estimated occupancy (Estimated), and the 
number of nights per camera required for 80% confidence of detection at the landscape 
level, with 5 cameras (survey 1 and 2) or 10 cameras (survey 3 and 4), if the species is 
present (N 80%). Survey 1 (Jan-Feb 2011), survey 2 (August 2011), survey 3 (October 2011), 
survey 4 (Dec 2011 – Jan 2012). 
Season Survey Cam Nn Naïve p SE (p) Estimated (95% CI) N 80% 
autumn 1 5 19 0.63 0.133 0.02 0.681 (±0.220) 12 
  2 5 21 0.42 0.237 0.04 0.418 (±0.280) 5 
spring 3 10 27 0.67 0.072 0.03 0.768 (±0.472) 22 
 4 10 14 0.67 0.136 0.03 0.699 (±0.284) 11 
 
 
Modelling of the effects of spring burns (52-89% burn cover) showed a significant 
decrease in A. flavipes activity in burned landscapes compared to reference 
landscapes (Table S4.2, Fig. 4.3). As expected, A. flavipes activity was relatively low 
in all landscapes during the breeding season, before burning (Aug / early Oct 2011 
survey 3; Table 4.3; Fig. 4.3). However, by summer 2011/12 (survey 4, Dec/Jan) 
there was a marked increase in activity of A. flavipes in reference landscapes, but 
not in the burned landscapes (Fig. 4.3). Similarly, comparison of Jan 2011 (pre-burn) 
with Jan 2012 (post-burn) showed a significant interaction between time and burn 
treatment, with activity increasing in reference landscapes, but decreasing in burnt 
landscapes. There was no evidence of an effect of predator activity on the activity 
of A. flavipes for the spring burns. 
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Figure 4.3. Predicted activity levels (±95% confidence intervals) of A. flavipes in reference 
landscapes and burnt landscapes in relation to spring burns; predictions are from 
generalised linear mixed models. Predictions are shown for surveys before burning took 
place (survey 1 and survey 3) and after burning (survey 4). There was a significant 
interaction between time (survey period) and treatment (reference vs burnt) for the post-
burn surveys (Jan 2012) compared with pre-burn surveys in both Jan 2011 and Oct 2011. 
Note: survey 2 was only used for models involving autumn burning.  
 
4.4.2. Pitfall trapping for invertebrates 
Over 8165 invertebrates were sampled in pitfall traps at microsites (excluding 
individuals <3 mm in length). In total, 80.9% of these were in the 3 - <7 mm size 
category (Table S4.3). The most abundant order recorded was Hymenoptera (ants, 
bees, wasps, sawflies; 69.3% of invertebrates identified) and 99.3% of these were 
ants (Formicidae). Other common taxa were Coleoptera (beetles; 17.9% of total), 
Araneae (spiders; 5.1%), Archaeognatha (Bristletails; 1.6%), Blattodea (cockroaches; 
1.5%) and Diptera (flies and mosquitos; 0.9%). Weevils (Curculionidae) made up 
88.6% of the Coleoptera records; 96.2% of weevil records were recorded in burnt 
areas. 
When the abundance of invertebrates was collated and analysed for taxa known to 
be regular prey items for A. flavipes, there was a significant interaction between 
burn treatment and invertebrate size. Larger invertebrates (>7 mm length) were 
disproportionately less abundant in burnt sites compared to unburnt sites, than 
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were small invertebrates (3 – 7 mm; Table S4.4.; Fig 4.4a). For these prey 
invertebrates, there were significantly more invertebrates trapped in pitfalls 
adjacent to trees compared to open microsites. There was no difference in 
abundance found between trees, logs and stumps or between open, logs and 
stumps (S4.4. and Fig 4.4b). 
The most abundant invertebrate taxa, ants and weevils, were both significantly 
more abundant in burnt sites (Table S4.4; Fig 4.5). For ants, this difference only 
applied to the larger size category (≥7 mm; Fig 4.5b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. Predicted abundance of invertebrates likely to be the prey of A. flavipes (a) in 
burnt and unburnt sites for small (3 – 7 mm) and large (> 7 mm) invertebrates; and (b) at 
different microsites showing more invertebrates at the base of trees compared to open 
sites. Error bars are 95% confidence intervals. 
 
(b) 
(a) 
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Figure 4.5. Predicted abundance (±95% confidence interval) of (a) ants and (b) weevils in 
burnt (shaded) and unburnt (white) landscapes. Both taxa show significantly higher 
abundance in a burnt landscape. This difference is greatest in larger sized ants (>7 cm 
length), and greatest at tree and stump microsites for weevils.  
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4.5. Discussion 
Animal responses to fire can be site-specific and context-dependent (Kelly et al., 
2017). The same species can show contrasting responses to different fire events at 
the same location (e.g. swamp rats Rattus lutreolus; Monamy and Fox, 2000), 
making general predictions of species response difficult to determine. This 
highlights the need to understand species responses to fires applied at different 
coverage and intensity and during different seasons.  
Here, low-coverage prescribed burns during autumn resulted in no apparent 
changes in the activity of A. flavipes, but, higher-coverage burns during spring 
resulted in significantly lower activity in burnt compared to unburnt landscapes. 
While the initial aim of this study was to compare the extent (coverage) of burning 
and season of burn (autumn vs spring burns), the complete separation of burn 
coverage between seasons (autumn 22 to 51%, spring 52 to 89%) confounded the 
design and made interpretation of results difficult. The observed reduction of A. 
flavipes activity after high coverage burns in spring could be attributed to: (1) spring 
burning reduces A. flavipes breeding success and therefore population size and 
activity or; (2) higher coverage burns (regardless of season) result in mortality or 
displacement of individuals and hence decreased activity of A. flavipes; or (3) a 
combination of these factors affect A. flavipes in this environment. 
Knowledge of A. flavipes life-history strategy suggests that spring burning could 
affect the distribution and abundance of this species more than autumn burning. All 
males die after breeding during late winter, leaving a population of adult females 
caring for young in a nest during spring (Dickman, 1980). While small mammals, 
including A. flavipes, can often survive the fire front (Banks et al., 2011a; Hope, 
2012; Koprowski et al., 2006; Thompson et al., 1989; Vieira and Briani, 2013), the 
ability of young in a nest to escape fire is less clear. If trees containing young are 
burned down (e.g. Bluff, 2016), there could be a direct effect of the fire causing 
mortality of juveniles. Indirect effects relating to loss of habitat could also play a 
part. During spring, the energetic demands on females mean that loss of foraging 
substrates and habitats may have a greater impact than during the non-breeding 
season. However, few studies have considered the effect of season of burn on 
Chapter 4: The effect of prescribed burning on A. flavipes  
79 
 
animal species, perhaps due to similar issues to those experienced here with the 
difference in burn coverage and severity. To better understand whether spring 
burning is detrimental to the persistence of A. flavipes populations or other small 
mammal species, studies assessing the fate of nest trees and the recruitment of 
young will be particularly valuable. 
The proportion of the landscape burnt, regardless of season, could also influence 
the activity and persistence of A. flavipes in this ecosystem. The distribution of A. 
flavipes is positively associated with the abundance of habitat such as logs and deep 
leaf litter (Kelly and Bennett, 2008). However, with increasing burn coverage, there 
is increasing loss of resources such as leaf litter and logs (Holland et al. 2017). For 
example, modelling by Holland et al. (2017) predicted that with 70% burn coverage, 
there was an estimated loss of 60-75% of medium and large-sized logs in these box-
ironbark forests; whereas there was a 40 – 50% loss of these logs with 40% burn 
coverage. Thus, patchy-incomplete burning in these dry forests is one means to 
reduce the local loss of habitat structures during prescribed burning (Holland et al., 
2017). Heterogeneity within a single fire, that results in both burnt and unburnt 
patches, may also retain areas of refuge for fauna, such as A. flavipes, both during 
and after burning (Chia et al., 2015; Robinson et al., 2013; Setser and Cavitt, 2003; 
Swan et al., 2016). 
Predation risk in the post-burn environment  
There was no evidence that activity of A. flavipes was influenced by the level of 
activity of two ground-dwelling predators (i.e. red fox, tree goanna), either in 
unburnt or burnt landscapes. In contrast, there are a large number of studies that 
have shown a link between predators and small mammals (Hradsky et al., 2017; 
Morris et al., 2011a, 2011b; Norrdahl and Korpimaki, 1998; Stokes et al., 2004). 
Insight into the role of predation after fire comes from a study by Morris et al. 
(2011c) on the effect of mammalian-predator exclusion on hispid cotton rat 
Sigmodon hispidus survival after a prescribed burn in Georgia, USA, that covered 
~90% of the study area. They found that all 34 radio-collared rats survived the fire, 
but 41% died within 12 days due to predation. However, there was no difference in 
survival within mammalian-predator exclusion plots compared to unfenced plots. 
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The study concluded that loss of cover for refuge and increased predation from 
non-mammalian predators (i.e. raptors and snakes) were the main causes of the 
cotton rats decline (Morris et al., 2011c). Similarly, other predators of antechinus, 
such as owls or snakes (Bilney et al., 2010; Fitzgerald et al., 2004; Law et al., 2013), 
could be influencing the activity of A. flavipes in the post-burn environment. 
Further, the study design targeted small mammal species on camera traps, so may 
not have been the most effective method for recording red fox and tree goanna 
activity. The extent of predation on A. flavipes either before or after burning 
remains unclear and further studies are needed. 
Decreased availability of prey for A. flavipes in the post-burn environment 
A decrease in the availability of invertebrate prey for A. flavipes could influence its 
local persistence and activity after prescribed burning. For example, Dickman 
(Dickman, 1989) provided supplementary feeding to a congener, A. agilis in 
eucalypt forest near Canberra, Australia. Food supplementation increased 
population size, however after discontinuation of supplementary food, the 
population density decreased to be similar to the density at a reference site. 
However, food limitation is unlikely to be the only factor contributing to the 
reduced activity of A. flavipes in the post-burn environment, as most invertebrate 
taxa in dry-forest ecosystems recover within a few years of burning, while 
Antechinus species often take longer to return to pre-fire abundance (Neumann 
and Tolhurst, 1991). Further, since A. flavipes is an opportunistic feeder and has 
been recorded foraging in trees (Dickman, 1991), a change in foraging behaviour to 
greater arboreal foraging may compensate for the loss of ground-layer 
invertebrates. Also, increased use of torpor in the post-burn environment may be 
an effective method to reduce energetic requirements for food and decrease 
predation risk. Increased use of torpor in the post-burn environment has been 
shown for both A. flavipes and A. stuartii (Matthews et al., 2017; Stawski et al., 
2015). 
I found a significant increase in the abundance of weevils in the burnt landscape 
and A. flavipes may be able to utilise this taxon in the post-burn environment. Other 
species that are adaptable and able to utilise available food, such as the spotted-
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tailed quoll Dasyurus maculatus, have shown no adverse response to decreases in 
their preferred prey after fire (Dawson et al., 2007). Weevils have not specifically 
been mentioned in the diet of A. flavipes, and they may be too small to include as a 
main component of the diet. For example, Lunney et al. (2001) showed that a 
smaller congener, A. agilis (weight range 16 - 40 g vs A. flavipes 21 - 80 g; Turner, 
2004) ate significantly more weevils than the larger A. mimetes (35 – 180 g), 
supporting evidence that larger antechinus species prefer larger prey (Fisher and 
Dickman, 1993). However, it is possible, that A. flavipes could increase its selection 
of weevils as part of its diet in the post-burn environment when larger prey are 
unavailable. Therefore, while a reduction in the availability of prey may contribute 
to A. flavipes decline after burning, the importance of this effect compared to other 
factors (e.g. predation, habitat loss) is difficult to determine. 
Conclusions 
This study shows that the effect of prescribed burning on A. flavipes activity is 
context dependent. There were differences in the effect of prescribed burns on 
post-burn levels of activity between burn treatments (lower coverage autumn vs 
higher coverage spring burns). The relatively reduced activity of A. flavipes after 
spring burns is likely to be related to the extent of habitat loss, with reduced 
availability of prey a potentially contributing factor. The effect of prescribed burns 
during the spring breeding season is an important issue for conservation 
management of forest fauna, but unfortunately, despite designing the study to test 
seasonal effects, difficulties in implementing experimental burns confounded the 
effects of season and burn coverage. The precautionary principle would suggest 
that to mitigate potential detrimental effects of prescribed burning, fire managers 
should carefully consider the timing or season of prescribed burning and use lower 
coverage, patchy burns when burns are applied.  
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4.6. Supplementary material 
Table S4.1. Species recorded on camera traps and the number of study landscapes (each 
~100 ha) in which they were recorded during surveys related to autumn and spring burning. 
PRE = pre-burn and POST = post-burn surveys. The number of landscape surveyed is shown 
in parentheses. 
Common name Scientific name Autumn Spring 
  PRE POST PRE POST 
  (22)  (12)  (12) (12) 
Native mammals      
Yellow-footed antechinus Antechinus flavipes 16 5 9 9 
Common brushtail possum Trichosurus vulpecula 15 9 11 11 
Brush-tailed phascogale Phascogale tapoatafa 15 5 7 8 
Eastern grey kangaroo Macropus giganteus 13 7 10 5 
Short-beaked echidna Tachyglossus aculeatus 8 1 11 5 
Black wallaby Wallabia bicolor 8 6 7 8 
Sugar glider Petaurus breviceps None None 1 None 
      
Introduced mammals      
Red fox Vulpes vulpes 12 6 7 10 
Goat Capra hircus 3 None 5 2 
Black rat Rattus rattus None None 1 None 
      
Reptiles      
Tree goanna Varanus varius 14 None 6 10 
Jacky lizard / tree dragon Amphibolurus muricatus 5 None 1 2 
Eastern bearded dragon Pogona barbata 3 None None None 
      
Birds      
Australian/little raven  Corvus coronoides/mellori 3 2 4 7 
Buff-rumped thornbill Acanthiza reguloides 1 None None None 
Grey/pied currawong Strepera 
versicolor/graculina 
8 6 9 10 
Grey shrike-thrush Colluricincla harmonica 3 2 6 5 
Australian magpie Gymnorhina tibicen 5 2 4 10 
Red wattle-bird Anthochaera carunculata 1 None 5 1 
Spotted quail-thrush Cinclosoma punctatum 5 2 1 6 
Wedge-tailed eagle Aquila audax 1 1 None None 
White-throated tree-
creeper 
Cormobates leucophaeus 2 1 11 3 
White-winged chough Corcorax melanorhamphos 18 8 7 11 
Yellow-tufted honeyeater Lichenostomus melanops 2 None 2 2 
Brown treecreeper Climacteris picumnus None None 1 3 
Australian owlet night-jar Aegotheles cristatus None None 1 None 
Emu Dromaius novaehollandiae None None 1 None 
Laughing kookaburra Dacelo novaeguineae None None None 1 
Willie wagtail Rhipidura leucophrys None None None 1 
Unidentified bird - 3 1 11 3 
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Table S4.2. Comparison of A. flavipes activity before versus after burning for (a) autumn 
burns and (b) spring burns. Results are from generalised linear mixed models with 
significant results (95% confidence) shown in bold. The reference category for each variable 
is as follows: time (after burn) and type (reference). 
Variable Estimate SE Lower 95% CI Upper 95% CI 
(a) Autumn     
Intercept -4.326 0.964 -6.215 -2.436 
Time: Before burn  -0.748 1.039 -2.784 1.289 
Type: Burnt 0.222 1.145 -2.022 2.466 
Predator activity -24.012 20.576 -64.340 16.317 
Time: Before x Type: Burnt 1.232 1.094 -0.912 3.376 
     
(b) Spring     
Intercept -3.679 0.348 -4.360 -2.998 
Time: Summer (before burn) -1.476 0.660 -2.769 -0.183 
         : Spring (before burn) -1.799 0.665 -3.103 -0.494 
Type: Burnt -1.453 0.500 -2.433 -0.473 
Predator Activity 0.500 2.483 -4.368 5.367 
Type: Burnt     
         x Time: Summer (before burn)            2.381 0.788 0.837 3.925 
         x Time: Spring (before burn) 1.638 0.739 0.190 3.085 
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Table S4.3. The abundance of invertebrates recorded in burnt and unburnt microsites, 
shown in two size classes (<3 mm size class were not counted). 
Phylum / Class Taxa (Order or Family) Small 
(3 – <7 mm) 
Large 
(≥ 7 mm) 
  unburnt burnt unburnt burnt 
Arthropoda - 
Arachnida 
Scorpionidae (scorpions) 0 1 12 11 
Araneae (spiders) 224 150 26 16 
Pseudoscorpionida - (false 
scorpions) 
1 5 1 1 
 Opiliones - (harvestmen) 0 1 0 0 
      
Arthropoda - 
Crustacea 
Isopoda (slaters) 
17 7 2 0 
      
Arthropoda - 
Insecta 
Coleoptera - 
Curculionidae (Family – 
weevils) 
49 1253 - - 
Coleoptera (all other beetles) 40 49 22 28 
 Coleoptera (beetle larvae) 6 4 10 2 
 Hymenoptera – Formicidae 
(ants) 
2440 2231 416 901 
 Hymenoptera – (bees, wasps) 11 21 1 4 
 Blattodea (cockroaches) 30 3 64 20 
 Lepidoptera - (butterflies and 
moths) 
3 15 0 1 
 Diptera - (flies and 
mosquitoes) 
30 36 2 3 
 Hemiptera - (true bus) 21 7 1 1 
 Orthoptera - (grasshoppers, 
crickets and locusts) 
3 3 1 4 
 Collembola - (springtails) 0 3 0 0 
 Isoptera - (termites) 17 10 2 0 
 Trichoptera (caddisfly) 0 0 0 1 
 Archaeognatha - (bristletails) 41 34 38 18 
      
Arthropoda - 
Myriapoda 
Symphala (symphylids) 4 3 2 0 
Chilopoda - (centipedes) 1 5 7 11 
Diplopoda - (millipedes) 5 0 17 1 
      
Annelida  0 0 22 0 
      
Other – pupae, 
miscellaneous 
 
46 8 21 1 
      
Combined prey 
taxa* 
 
353 264 155 83 
*Includes Coleoptera (excluding weevils), Hymenoptera (excluding ants), Blattodea, 
Lepidoptera, Hemiptera, Araneae, Isoptera, Chilopoda, Annelida 
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Table S4.4. Comparison of the relative abundance of invertebrates in burnt versus unburnt 
microsites for (a) invertebrate taxa considered the main prey of A. flavipes, (b) 
Curculionidae (weevils) and (c) Formicidae (ants). Results are from generalised linear 
models with significant results (95% confidence) shown in bold. The reference category for 
each variable is as follows: burnt (no), size (small), microsite (log). 
Variable Estimate SE Lower 95% CI Upper 95% CI 
(a) Prey taxa combined*     
Intercept 2.662 0.133 2.402 2.922 
Site -0.017 0.123 -0.257 0.224 
Burnt – yes -0.290 0.139 -0.562 -0.018 
Size – large -0.696 0.120 -0.931 -0.462 
Microsite – open -0.246 0.134 -0.509 0.017 
        - stump 0.058 0.151 -0.238 0.355 
        - tree 0.310 0.148 0.020 0.601 
Burnt – yes x Size – large -0.489 0.212 -0.904 -0.074 
 
(b) Curculionidae (weevils) 
    
Intercept 0.785 0.409 -0.017 1.587 
Site 0.452 0.377 -0.287 1.191 
Burnt – yes 1.798 0.595 0.632 2.964 
Microsite – open -0.880 0.499 -1.858 0.098 
        - stump -0.157 0.543 -1.221 0.907 
        - tree -0.517 0.565 -1.624 0.590 
Burnt - yes: Microsite - Open 0.845 0.701 -0.529 2.219 
                                    - Stumps 1.633 0.781 0.102 3.164 
                                    - Trees 2.073 0.796 0.513 3.633 
 
(c) Formicidae (ants) 
    
Intercept 4.342 0.198 3.953 4.731 
Site 0.232 0.186 -0.132 0.596 
Burnt – yes -0.365 0.210 -0.776 0.046 
Microsite – open -0.010 0.192 -0.386 0.365 
        - stump -0.155 0.222 -0.590 0.280 
        - tree 0.671 0.219 0.241 1.101 
Size: large -2.410 0.181 -2.765 -2.056 
Burnt: yes x Size: large 1.889 0.285 1.330 2.449 
*Includes Coleoptera (excluding weevils), Hymenoptera (excluding ants), Blattodea, 
Lepidoptera, Hemiptera, Araneae, Isoptera, Chilopoda, Annelida 
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Chapter 5 - Prescribed burning reduces the 
abundance of den sites for a hollow-using 
mammal in a dry forest ecosystem 
This chapter is published as:  
Flanagan-Moodie, A.K., Holland, G.J., Clarke, M.F., Bennett, A.F., 2018. Prescribed 
burning reduces the abundance of den sites for a hollow-using mammal in a dry 
forest ecosystem. For. Ecol. Manage. 429, 233–243. 
 
A sequence of events shown with a camera trap placed on a large tree identified as a den 
site for an adult female Antechinus flavipes with juveniles (spring 2011). This female was 
found dead and buried (presumably killed by a red fox Vulpes vulpes) six days after 
prescribed burning, on Nov 11th, 2011. Photos show (a) tree goanna Varanus varius, which 
was recorded on multiple occasions, exploring around or in the tree; (b) the adult female 
leaving the den site on the night she was killed; (c) a red fox exploring around the tree on 
the same night; (d) juveniles were observed on the tree both before and after the death of 
their mother. Evidence of juveniles using the den tree continued until the camera was 
removed on the 7th Dec 2011.  
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5.1. Abstract 
Prescribed burning is used in fire-prone environments worldwide to reduce fuel 
loads and the severity and spread of future wildfires. Forest habitat structures, such 
as large trees, dead trees and logs are susceptible to fire, yet also are essential for 
animal species that require hollows (cavities) for shelter and reproduction. We 
examined the effects of experimental prescribed burns on the use of den sites by a 
small marsupial, the yellow-footed antechinus Antechinus flavipes, in south-eastern 
Australia. Specifically, we radio-tracked individual A. flavipes to identify forest 
habitat structures preferred as den sites and recorded the fate of known den sites 
following patchy prescribed burns. We found that large living trees and dead trees 
were used as den sites disproportionately to their relative abundance in the forest. 
While all marked individuals of A. flavipes survived the immediate impacts of patchy 
prescribed burns, almost a third (16/52) of den sites identified before burning were 
lost, including 17% of trees (4/23) and 48% of logs (10/21). The vulnerability of den 
sites to prescribed burns can be attributed to the decay-dependent effect of fire on 
both trees and logs, whereby, the amount of damage from fire is related to the 
structure’s pre-fire condition (i.e. whether dead or alive, amount of decay). Large 
trees and large logs are scarce in this dry forest ecosystem, and their replacement is 
likely to take a century or more due to the slow growth rates of trees. The 
ecological impacts of prescribed burning on habitat structures used by A. flavipes 
and other hollow-using species can be moderated by: 1) carrying out patchy, rather 
than complete burns; 2) ensuring the inter-fire interval is sufficient to allow time for 
replenishment of resources; and 3) planning at a regional scale to maintain an 
appropriate spatial pattern of post-fire age-classes, including areas retained as long 
unburnt habitat. 
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5.2. Introduction 
Fire is a prominent disturbance process that influences the distribution and 
abundance of animal species in ecosystems worldwide (Bond et al., 2005). Wildfires, 
particularly those of high severity, can result in the direct mortality of animals; but 
the most profound effects are indirect, from changes to the composition and 
structure of ecosystems and to the availability of habitat resources over time 
(Driscoll et al., 2010; Smucker et al., 2005; Turner et al., 2003). In the short-term, 
post-fire successional changes may benefit some species (e.g. Brotons et al., 2005; 
Hutto, 2008); or reduce the abundance of, or locally eliminate, others (e.g. Banks et 
al., 2011a; Fox, 1982). Long-term changes following fire may determine the 
distribution and abundance of species over many decades (Haslem et al., 2011; 
Nimmo et al., 2012). 
In fire-prone regions, prescribed burning is widely used by land managers to 
mitigate the effects of future wildfires (Fernandes and Botelho, 2003; Penman et al., 
2011). A common goal of prescribed burning is to modify fuel types and reduce fuel 
levels to reduce the risk of wildfire to human life and property.  It can also be used 
as a tool to benefit biodiversity; for example, by creating buffers to protect the 
habitats of sensitive species, or by modifying fuels to reduce the risk of severe fire 
consuming old-growth structures (Penman et al., 2011; Spies et al., 2006). However, 
like wildfire, prescribed burning also modifies the availability and abundance of 
resources used by fauna (Holland et al., 2017). 
The effect of fire on the habitat structures used by animals as breeding sites is an 
important way in which the indirect effects of fire can affect local populations. In 
forest ecosystems, for example, hollows (cavities) and crevices that occur in live and 
dead trees, in logs and in stumps, are used for breeding by many species (Gibbons 
and Lindenmayer, 2002; Kunz and Lumsden, 2003; Martin et al., 2004; Newton, 
1994). Hollows and crevices also serve other functions, including providing refuge 
from predators, ameliorating environmental conditions, and facilitating social 
interactions (Gibbons and Lindenmayer, 2002; Lazenby-Cohen, 1991). The loss of 
such resources can affect the survival and reproductive success of individuals and 
the density of local populations. For example, the availability of suitable hollows is 
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known to influence the abundance of cavity-nesting birds (Aitken and Martin, 2012; 
Cockle et al., 2011; Newton, 1994) and arboreal marsupials (Gibbons and 
Lindenmayer, 2002).  
Here, we investigated the effect of experimental prescribed burns on the use of den 
sites for refuge and breeding by a small marsupial, the yellow-footed antechinus 
Antechinus flavipes, in a dry forest ecosystem in south-eastern Australia. Before 
European settlement in the mid 19th century, ‘box-ironbark’ eucalypt forests 
covered ~1.5 million ha of northern Victoria (ECC, 1997). Intensive gold-mining, 
agriculture and logging have reduced these forests to ~25% of their original extent 
(ECC, 2001; Lawrence and Bellette, 2010). The remaining forests are fragmented 
and highly modified. Large, hollow-bearing trees (≥60 cm diameter) once 
dominated the landscape (Newman, 1961), but typically now comprise < 1% of 
trees in the forest (ECC, 2001; Holland et al., 2017). Prescribed burning is employed 
in these forests to reduce ground fuels.  
Populations of A. flavipes potentially are vulnerable to prescribed burning if fire 
consumes the resources they use as den sites for refuge and breeding. Further, this 
species (and other Antechinus species) have a distinctive life-history strategy that 
may increase their vulnerability to the timing and effects of prescribed burns. There 
is a complete die-off of males after an annual mating season in winter, leaving a 
population of pregnant females that require suitable den sites to rear their young 
(Dickman, 1980; Menkhorst, 1995). We addressed four questions in this study: 
1) what types of habitat structures does A. flavipes use as den sites? 
2) do individuals preferentially select certain habitat structures as den sites? 
3) does prescribed burning affect the persistence of den sites used by A. 
flavipes? 
4) do individuals of A. flavipes alter their use of habitat structures as den sites 
following prescribed burning? 
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5.3. Methods 
5.3.1. Study area 
The Heathcote-Graytown National Park and Redcastle-Graytown State Forest form 
a contiguous forested area of ~40 000 ha, in north-central Victoria, Australia. The 
topography is undulating (elevation ~150–370 m), and soils generally are shallow 
and infertile with poor water-holding capacity (Muir et al., 1995). The area 
experiences hot, dry summers and mild winter months. Mean daily maximum 
temperatures range from ~29°C (Jan) to 13°C (July) and mean annual rainfall is ~579 
mm (Redesdale; Bureau of Meteorology, 2016). These forests, known as ‘box-
ironbark’ forests, are dominated by a canopy of red ironbark Eucalyptus tricarpa, 
with grey box E. microcarpa, red stringybark E. macrorhyncha and red box E. 
polyanthemos also present. The mid-storey and shrub layers are sparse in these 
low-productivity forests and include species such as golden wattle Acacia 
pycnantha, drooping cassinia Cassinia arcuata and grey grass tree Xanthorrhoea 
glauca subsp. Angustifolia. Box-ironbark forests are not considered fire prone. Little 
is known of the historical fire regime in this ecosystem: wildfires do occur, but 
recent fire history shows that they are infrequent (Tolsma et al., 2007). 
This study forms part of a larger project examining the effect of prescribed burning 
on the flora, fauna and habitat structures of the dry box-ironbark ecosystem. In the 
larger project, 24 study ‘landscapes’ were selected, each ~100 ha in size and 
allocated to different experimental burn treatments during autumn or spring 
(Bennett et al., 2012; Holland et al., 2017). For this study, a sub-sample of four 
landscapes (here termed ‘burn areas’) were selected based on prior surveys that 
identified the presence of A. flavipes. Two were burned in the austral autumn (April 
2011) with 40 and 50% burn coverage, respectively; and two in spring (November 
2011) with 75 and 90% burn coverage, respectively. All prescribed burns were 
implemented by the Victorian Department of Sustainability and Environment. 
5.3.2. Study species 
A. flavipes is a small, carnivorous-marsupial that occurs in dry forests in eastern and 
south-western Australia. Males (~53 g body weight) are larger than females (~30 g; 
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Fig. 1; Kelly and Bennett, 2008). A. flavipes is monoestrous and the mating season is 
synchronous within local populations. Following a short breeding period, all males 
die (Dickman, 1980; Menkhorst, 1995; Smith, 1984). In south-eastern Australia, the 
mating season occurs in winter (July), with females giving birth to between 9 and 12 
young during late winter (August). After being carried in the female’s pouch for ~34 
days, the young are cared for in a den before becoming independent in late spring 
(November; Coates, 1995; Marchesan and Carthew, 2004). 
 
 
Figure 5.1. Photo panel of: (a) the study species, Antechinus flavipes; (b) a prescribed burn; 
(c) a large dead tree (>60 cm diameter) used by A. flavipes as a den site before burning 
(surrounded by small trees and a sparse understorey typical of the forest); and (d) the same 
location post-burn where the den tree has been consumed. The unburnt tree canopy in the 
background shows this was a low-intensity burn.  
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5.3.3. Trapping and radiotelemetry 
In each burn area, individual A. flavipes were trapped and fitted with radio-
transmitters to investigate their use of diurnal den sites before, and after, the 
experimental prescribed burns.  
In the two autumn-burn areas, animals initially were captured in March 2011 by 
using grids of small, aluminium box traps (type A Elliott traps), open for two 
consecutive nights and baited with rolled oats, peanut butter and honey. A total of 
470 trap-nights resulted in the capture of 15 individuals (3.2% trap success). 
Trapped animals were assessed for weight, sex and breeding condition. The 
minimum weight of individuals selected for telemetry was 28 g, to ensure that 
transmitters (1.4 g) were less than 5% of body weight. 
Six males (mean weight 51 g) and four females (31 g) were fitted with a single-stage 
transmitter on a cable tie collar (Sirtrack Limited, NZ). A weak-link was sewn into 
the collar with cotton to allow the collar to fall off if the animal could not be 
recaptured. Transmitters had a predicted battery life of 21 days but lasted only up 
to 15 days. After the first period of telemetry, and just prior to the prescribed burn, 
trapping was conducted again to recapture study animals and replace transmitters. 
Seven of the initial ten individuals were successfully fitted with new transmitters 
and tracked again post-burn, along with one additional female (hence five males 
and three females in total, post-burn). One male (M5) had a home range outside 
the burn area, so this individual was included only in analyses of pre-burn data. This 
resulted in post-burn data being available for four males and three females. 
For the two spring burn areas, initial trapping was conducted in Sept-Oct 2011. 
From a total of ~3,400 trap nights, just two individual females were captured, in 
different burn areas (<0.01% trap success). These females were fitted with a single-
stage transmitter on a cable tie collar (Holohil Systems, Canada), weighing ~1.2 g, 
with a potential battery life of 6 weeks. 
During both autumn and spring, individual animals were located by radio-tracking 
once per day during diurnal hours (9 am – 7 pm) to identify den sites. Trapping 
(~6,000 trap-nights) and use of remote cameras (~11,000 camera nights) showed 
animals were rarely active during daylight hours (Flanagan-Moodie, unpublished 
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data). Radio-tracking was performed on foot, using scanning receivers (Australis 26-
k, Titley Electronics, Australia) with Yagi antennas (three elements, folding, gamma-
tuned; Titley Electronics, Australia). The peak signal direction was followed until an 
animal’s location was determined.  
5.3.4. Den sites 
We use the term ‘den site’ to refer to a habitat structure in which an individual was 
located during non-active daylight hours. For each diurnal den site located, the type 
of habitat structure (live tree, dead tree, log, stump, Xanthorrhoea plant) was 
recorded. The diameter was recorded for trees (at ~1.4 m above ground), logs 
(middle of log) and stumps (top of stump) in size-class categories (3 - <10, 10 - <20, 
20 - <30, 30 - <40, 40 - <50, 50 - <60 and ≥60 cm). When there were multiple stems 
on a tree, the largest stem diameter was recorded. The tree species and the height 
(<1, 1 - 2, ≥2 m) of the animal in a tree were also recorded. Animal height was 
determined by the relative signal strength when directing the antenna at different 
levels of the tree. 
Each den site identified before burning was re-visited post-burning to assess its 
status. Den sites were noted as being either completely burnt (i.e. no longer 
present), partially burnt, or unburnt. 
5.3.5. The abundance of habitat structures in the landscape 
In each burn area, twelve 20 m x 20 m plots were established to assess habitat 
structures before and after burns (Holland et al., 2017). All trees (≥1.5 m height) 
within a plot were identified to species and the diameter of each stem measured at 
~1.4 m height. Stumps (<1.5 m height) were counted and the diameter measured. 
All logs ≥3 cm in diameter and ≥1 m in length were counted and assigned to a 
diameter size-class category (section 5.3.4). Data from these plots were used as a 
measure of the relative abundance of habitat structures before and after burning.  
5.3.6. Data analysis 
Data were obtained from just two females for spring burns. Since these individuals 
were raising young, it was not appropriate to combine results with individuals from 
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autumn burns (before the commencement of breeding). Consequently, only 
descriptive summaries of the spring data are presented.  
For autumn burns, we calculated for each individual the number of ‘unique den 
sites’ for a particular type of habitat structure, and the total number of ‘daily den 
site’ records (the number of days a particular habitat structure was used). For 
analysis (see below), we considered daily den site use to be a more important and 
reliable measure of habitat selection, because multiple uses of the same den site 
are likely to indicate a preference for that type of habitat structure.  
Types of habitat structures used as den sites 
We summarised the broad types of habitat structures used by A. flavipes as den 
sites (e.g. trees, stumps, logs) and the proportional use of different tree species, 
tree size-classes, log size-classes and height in trees. 
Selection of habitat structures as den sites 
To determine whether A. flavipes preferentially selects certain habitat structures as 
den sites, we compared the use of these resources (before burning) to their 
abundance across the burn area (~100 ha landscape), as determined from surveys 
associated with the larger project (see section 2.5). We conducted analyses for 
three types of habitat structures used as den sites: (1) tree type (E. tricarpa, E. 
microcarpa, dead tree, and other: E. macrorhyncha and E. polyanthemos 
combined); (2) tree size-classes (10 - <30, 30 - <50, ≥50 cm); and (3) log size-classes 
(10 - <20, 20 - <40, ≥40 cm). We excluded trees and logs <10 cm diameter from the 
habitat survey data (66% of trees and 84% of logs) because A. flavipes did not use 
such size-classes as den sites.  
We used the proportional use of habitat by individual animals as the basis for 
analysis (Aebischer et al., 1993). The response variable was the difference between 
proportional use (by an individual) and proportional abundance (in the burn area) 
for each sub-category of a habitat structure (e.g. for tree size-class, sub-categories 
were the proportion of small, medium or large diameter trees). Positive values 
indicate high use relative to abundance for that sub-category, while negative values 
indicate low use relative to abundance. These data were standardised to fall 
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between 0 and 1 (i.e. [x + 1] / 2, where x = proportional use – proportional 
abundance). Linear modelling assumes that values are not bounded, and so to meet 
this assumption a logit transformation was performed (i.e. log (y[1-y]), where y = 
the standardised values). Since each analysis included multiple records per 
individual (i.e. a value for each sub-category), we used linear mixed models (LMMs) 
with a unique individual identifier specified as a random term (Warton and Hui, 
2011). Habitat structures (e.g. tree size-class) were included as the sole categorical 
explanatory variable. 
For analyses of tree type and tree size-class, a check of residuals showed 
heterogeneity. A variance function was therefore included in the model, which 
resulted in a better fit to the data (Mazerolle, 2015; Zuur et al., 2009). To interpret 
results of predicted differences in proportional use vs proportional abundance, 
predictions and 95% confidence intervals were back-transformed, and the results 
were plotted. 
Persistence of den sites after prescribed burning 
We summarised the proportional loss of den sites after prescribed burning for each 
type of habitat structure, and for trees and logs of different size-classes.  
Use of habitat structures as den sites before vs after prescribed burning 
To determine whether there was a change in the proportions of different types of 
habitat structures used as den sites following prescribed burning, we compared 
daily den site use pre- and post-burning. Analyses were conducted for: (1) broad 
habitat structures (trees, logs, stumps); (2) tree type (E. tricarpa, E. microcarpa, 
dead trees, other: E. macrorhyncha and E. polyanthemos combined); (3) tree size-
classes (10 - <30, 30 - <50, ≥50 cm); (4) log size-classes (10 - <20, 20 - <40, ≥40 cm) 
and (5) height in tree (<1, 1 - < 2, ≥2 m). The response variable was the number of 
days an individual A. flavipes was recorded in a den site sub-category expressed as a 
proportion for that category (e.g. the number of days using ‘large >50 cm trees’ as a 
proportion of days using trees of any size-class). Response variables were modelled 
by using generalised linear mixed models (GLMMs), with a binomial error 
distribution, logit link, and individual animal as a random term. We also included 
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the burn area as a random factor to account for any spatial variation or differences 
in burn type (Zuur et al., 2009). Explanatory variables included the habitat 
structures (e.g. tree size-class), survey period (pre- or post-burn) and their 
interaction. 
All GLMMs and LMMs were run using the lme4 package (Bates et al., 2014) in R 
3.1.3 (R Core Team, 2014). Variables were considered important when the 95% 
confidence interval for model coefficients did not overlap zero. Residual plots were 
inspected to ensure adequate model fit. Over-dispersion was an issue with some 
models and was controlled via inclusion of an observation-level random term (Zuur 
et al., 2012). R2 values were calculated using the MuMIn package (Barton, 2015; 
Nakagawa and Schielzeth, 2013). Predictions were generated using the predict 
function in the AICcmodavg package (Mazerolle, 2015). 
 
5.4. Results 
For the autumn burns, radio-tracking of male and female A. flavipes (see Table 5.1) 
resulted in a total of 160 diurnal fixes before and after burns, with 94 unique den 
sites recorded. The number of diurnal fixes for each individual ranged from 6 to 20 
(mean 15 ± 1 s.e.). Each individual used multiple den sites during the tracking period 
(range 3–15; Table 5.1). In contrast, the two females tracked before and after the 
spring burns, each used a single den for most of the tracking period (56 days). 
Quantitative comparisons were made only for data collected in relation to autumn 
burns.  
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Table 5.1. Summary of radio-tracking data for Antechinus flavipes based on diurnal 
telemetry fixes. Data presented for individuals include: (W) weight at first capture, (D) 
number of days tracked, (F) number of diurnal fixes, (U) number of unique den sites, (B) 
percentage of post-burn unique den sites that were also used pre-burn (with value in 
parentheses), (N) percentage of pre-burn unique den sites that were no longer present 
post-burn (value in parentheses). 
Animal Study Area W (g)  Pre-burn  Post-burn B N4 
 D F U  D F U 
Autumn - males            
M1 B2 50  13 10 10  12 7 4 0% (0) 30% (3) 
M2 A1 65  12 9 3  13 9 8 33% (1) 0% 
M31 A1 49  13 10 8  - - - - - 
M4 A2 42  14 8 5  13 9 5 40% (2) 20% (1) 
M52 B2 53  13 9 5  12 6 6 - - 
M6 B1 47  13 10 9  12 8 7 22% (2) 55% (5) 
Average  51  13 9 7  13 8 6 24% 26% 
             
Autumn - females            
F1 A2 29  15 11 9  13 9 3 11% (1) 44% (4) 
F2 A2 36  15 10 6  13 7 2 17% (1) 33% (2) 
F31 B1 33  14 6 3  - - - - 33% (1) 
F41 A1 29  12 11 6  - - - - 33% (2) 
F55 B1 30  - - -  13 11 9 - - 
Average  31  14 10 6  13 9 5 14% 36% 
             
Spring - females            
F6 C1 47  11 6 1  11 4 1 100% (1) 0% 
F7 D1 49  23 14 2  4 2 1 50% (1) 0% 
Average  48  17 10 2  8 3 1 75% 0% 
1Not tracked post-burn 
2M5 telemetry fixes were outside the burn perimeter and not used in pre-burn vs post-burn 
analyses. 
3F5 was caught and tracked post-burn to replace F3 
4There were 16 unique sites no longer present post-burn during autumn; two of these sites 
were used by two individuals each. 
 
5.4.1. Types of habitat structures used as den sites 
Of the 160 diurnal fixes during autumn, A. flavipes most commonly denned in trees 
(45% of daily den site use), followed by logs (38%), stumps (11%) and Xanthorrhoea 
plants (6%). Trees used as den sites included both living trees (78% of daily den sites 
in trees; Table S5.1) and dead trees (22%). Of the four species of living eucalypt 
trees used as den sites, A. flavipes most commonly used E. microcarpa (51% of daily 
den sites in trees) and E. tricarpa (23%). Large trees (≥50 cm diameter) were the 
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most frequently used size-class (59%). In contrast, the most frequently used log 
size-classes were small and medium logs (<40 cm; 83%). In relation to the height in 
trees, proportionally more dens were greater than 2 m above ground (67% of fixes) 
than at lower levels (Table S5.1). 
5.4.2. Selection of habitat structures as den sites 
Individuals of A. flavipes tracked in autumn were highly selective in the types of 
trees used for den sites when compared with the relative abundance of trees in the 
landscape (Table S5.2, Fig. 5.2.a, b). The most common tree species in the study 
landscapes, E. tricarpa, (60% of trees), was used less than expected given its 
abundance, while dead trees were used significantly more than expected (Fig. 5.2.a, 
b).  
A. flavipes also showed strong selection in relation to tree size-class, using larger 
trees (≥50 cm diameter) for den sites at a proportionally much higher frequency 
than their abundance in the landscape (Table S5.2, Fig. 5.2.c, d). In total, 59% 
(43/73) of daily den tree use and 50% (18/36) of unique den trees selected by A. 
flavipes were ≥50 cm diameter, while 1% (4/337) of trees in the burn areas were in 
this size category. Medium-sized trees (30 - <50 cm) were also used 
disproportionately more than expected given their abundance, while smaller trees 
(10 - <30 cm) were under-used relative to their abundance (Fig. 5.2.c, d). 
Individuals of A. flavipes also displayed selection in their use of logs as den sites 
(Table S5.2). Medium (20-40 cm) and large (>40 cm) logs, both occurring sparsely in 
the landscape, were used at least in proportion to their abundance in the 
landscape, while small logs were used much less frequently than their abundance 
(Fig. 5.2.e). 
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Figure 5.2. Comparison of the proportional daily use of habitat structures as den sites by A. 
flavipes (solid bars) compared with the proportional abundance of these habitat structures 
in the landscape (open bars). Results from radio tracking and habitat surveys for (a) tree 
type (other includes E. macrorhyncha and E. polyanthemos); (c) tree size-class; and (e) log 
size-class. Predicted differences in proportional use versus the proportional abundance of 
habitat structures from linear mixed models (±95% CI) for (b) tree type; (d) tree size-class; 
and (f) log size-class. Positive values indicate higher use relative to abundance.  
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5.4.3. Persistence of den sites after prescribed burning 
Seven of the eight individuals tracked before the autumn burns, and which had a 
home range within the burn area, lost at least one known den site due to burning 
(Table 5.1; Fig. 5.1). Of 52 unique den sites used before the burns (within the burn 
perimeter), 16 (31%) were no longer present (i.e. consumed by fire) following 
burning. This included 17% of trees (4/23), 48% of logs (10/21), 20% of stumps (1/5) 
and 33% of Xanthorrhoea plants (1/3) from a variety of size-classes (Table 5.2). In 
addition, other den sites were partly burnt, including 48% of trees (11/23), 5% of 
logs (1/21) and 20% of stumps (1/5).  
 
Table 5.2. Den sites used by Antechinus flavipes that were consumed during prescribed 
burning conducted in autumn. Values in parentheses are the number burnt expressed as a 
percentage of the number of unique den sites used pre-burn in each size category. 
Habitat structure  
10 - <20 cm 
Size class 
20 - <40 cm 
 
40 - <60 cm 
 
≥60 cm 
Total 
Tree -  1 (13%) 1 (13%) 2 (29%) 4 (17%) 
Log 5 (50%) 2 (29%) 2 (100%) 1 (50%) 10 (48%) 
Stump - - - 1 (50%) 1 (20%) 
Xanthorrhoea plant - - - 1 (33%) 1 (33%) 
 
 
5.4.4. Use of habitat structures as den sites before vs after prescribed 
burning 
All animals with transmitters survived the autumn burns. In the post-burn tracking 
period, individuals often used different den sites from those used pre-burn (Table 
5.1).  
There were some differences in the proportional use of habitat structures for den 
sites before vs after burns (Table S5.1, S5.3). There were trends for increases in the 
proportional use of stumps relative to the use of trees post-burn (Fig. 5.3) and the 
use of E. microcarpa relative to E. tricarpa, but no difference in proportional use of 
trees or logs of different size classes. There was evidence that post-burn, individuals 
selected den sites lower in trees. Before burns, the greatest proportion of daily den 
sites were >2 m, whereas after burning, they were between 1-2 m. 
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During the spring burns, the two adult females both survived the burns. They each 
used a single den tree (large trees >60 cm diameter) on consecutive nights pre-burn 
and continued to use the same tree post-burn. The den sites of both females were 
>2 m height. One female was found dead and buried (suggesting predation by a fox) 
6 days after the burn. 
 
Figure 5.3. Comparison of habitat structures used by Antechinus flavipes for den sites 
before and after prescribed burns during autumn: a) data from recorded observations of 
relative daily use; and (b) predictions from a generalised linear mixed model (±95% CI).  
 
5.5. Discussion 
Prescribed burning is used in fire-prone environments worldwide to reduce fuel 
loads (Fernandes and Botelho, 2003), but it also has the potential to alter habitats 
used by forest fauna. Here, we found that prescribed burns in dry forests in south-
eastern Australia affect the availability of habitats used as den sites by a small 
marsupial, the yellow-footed antechinus A. flavipes. Individual A. flavipes showed a 
preference for habitat structures (large trees, dead trees, larger logs) that are highly 
limited in abundance and susceptible to burning. While individual animals survived 
the prescribed burns, there was a substantial loss of den sites essential for refuge, 
reproduction and the long-term persistence of this species. 
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5.5.1. Types of habitat structures used as den sites 
Small dasyurids of the genus Antechinus occur in habitats ranging from tall wet 
forests and rainforest to dry woodlands and coastal shrubland (Menkhorst, 1995). 
The den sites used by different species reflect this diversity and include tree 
hollows, logs, burrows, crevices in rocks, and nests in dense vegetation (Turner, 
2004). In this study, in a dry eucalypt forest, A. flavipes sought den sites in living and 
dead trees, logs and stumps, and infrequently in the dense foliage of Xanthorrhoea 
plants. We recorded a higher use of logs as den sites than in other studies of this 
species (Coates, 1995; Marchesan and Carthew, 2004), suggesting that the local 
abundance of different habitat structures influences patterns of use. Xanthorrhoea 
plants and crevices in rocks have been reported elsewhere as important for diurnal 
shelter and breeding (Coates, 1995; Kelly and Bennett, 2008; Marchesan and 
Carthew, 2004; Swinburn et al., 2007), but were scarce in our study area (Holland et 
al., 2017). Common amongst studies of A. flavipes is the use of hollows in living and 
dead trees as den sites. 
In autumn, the non-breeding period, individual A. flavipes used multiple den sites; 
whereas the limited data from the breeding season suggests that females with 
dependent young use the same den site for an extended period. Use of multiple 
den sites is common among Antechinus species and other small mammals (Lazenby-
Cohen and Cockburn, 1991; Lumsden et al., 2002; Lutermann et al., 2010; Turner, 
2004), with suggested benefits including greater social interaction for mate 
selection, and a reduction in ectoparasite burden and predation risk (Butler and 
Roper, 1996; Lindenmayer and Meggs, 1996). A congener, the brown antechinus A. 
stuartii, has a complex social system which involves communal nesting and frequent 
movements between dens for social interaction and mate selection (Lazenby-
Cohen, 1991; Cockburn and Lazenby-Cohen, 1992). Here, continuous use of a single 
den site by female A. flavipes while rearing young in spring suggests that such den 
sites are carefully selected to provide an optimal microclimate and protection for 
dependent young from predators (e.g. Lutermann et al., 2010; Sedgeley, 2001). 
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5.5.2. Selection of habitat structures as den sites  
Individual A. flavipes showed strong preferences for particular types of den sites, 
including hollows in dead trees, large trees and large logs. Notably, 50% of unique 
den sites in trees were in those >50 cms diameter, yet this size-class comprised less 
than 1% of stems sampled across the landscape. These preferences highlight the 
critical importance of large trees in this forest system and likely reflect the relative 
availability of suitable hollows. Larger eucalypt trees typically contain more hollows 
and a greater variety of types and sizes of hollows than smaller trees (Bennett et al., 
1994; Gibbons and Lindenmayer, 2002); while both trees and logs of increasing level 
of decay (e.g. dead trees) contain more hollows (Lindenmayer et al., 1993; Williams 
and Faunt, 1997). However, large living and dead trees and large logs are now rare 
in this ecosystem due to a history of sustained anthropogenic land use, including 
intensive gold-mining, logging and firewood collection (ECC, 2001; Holland et al., 
2017; Lawrence and Bellette, 2010). 
Loss of large trees in forests is a worldwide phenomenon, with diverse implications 
for animal species (Lindenmayer and Laurance, 2017). The availability of suitable 
tree hollows, for example, is known to influence the distribution and abundance of 
many species of birds and mammals that are obligate hollow-users (Cockle et al., 
2011; Lindenmayer et al., 2012a; Newton, 1994). In floodplain forests of northern 
Victoria, the population density of A. flavipes was positively associated with the 
density of large trees (E. camaldulensis), the volume of logs on the forest floor and 
the proximity to the previous year’s floods (Lada et al., 2007; Mac Nally and 
Horrocks, 2008). Further, Mac Nally and Horrocks (2008) showed experimentally 
that the local density of A. flavipes in floodplain forests was increased by adding 
logs to forest plots. While these effects may be associated with several factors, such 
as greater food availability, enhanced foraging opportunities and provision of dens 
for refuge, it is clear that large logs and large trees are important habitat structures 
for populations of this species.  
5.5.3. Impact of prescribed burning on den sites 
Individual A. flavipes were not directly killed by prescribed burns but were indirectly 
affected by the loss of more than 30% of known den sites. This extent of loss 
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associated with prescribed burns of low intensity and patchy cover (autumn burns, 
40-50% cover), raises concern about likely greater loss from higher intensity, more 
extensive burns and the likely incremental effects of repeated prescribed burns if 
carried out at frequent intervals (e.g. less than 20 years). Current recommendations 
for box-ironbark forests propose a minimum and maximum tolerable fire interval of 
12 and 150 years, respectively (Cheal, 2010). These intervals are based on the 
requirements of plant species; for example, the minimum time required for species 
to regrow and set seed after fire. They do not explicitly take into account the 
habitat requirements of animal species, such as structural resources for shelter and 
breeding (Clarke, 2008). 
The vulnerability of den sites to prescribed burns can be attributed to the decay-
dependent effect of fire on both trees and logs. The amount of damage and 
likelihood of collapse to an individual tree or log from fire is related to its pre-fire 
condition (i.e. whether dead or alive; amount of decay) (Banks et al., 2011b; Hyde et 
al., 2011; Inions et al., 1989; Lindenmayer et al., 2012a). Severe drought over the 
decade prior to this study (van Dijk et al., 2013) may have increased the 
susceptibility of these habitat structures to fire. Previous studies have similarly 
found that individual small mammals often survive the direct impact of fire, but 
populations decline due to indirect effects such as loss of preferred habitat 
structures, increased exposure to predation and reduced food resources (Banks et 
al., 2011b; Letnic et al., 2005; McGregor et al., 2014). 
A critical issue is the rate of replacement of den-site resources lost during 
prescribed burning. In addition to being scarce throughout the forest, the dry 
climate and low-fertility soils mean that growth rates of trees in this ecosystem are 
slow, taking 150 years or more to reach a diameter of 60 cm (Department of 
Natural Resources and Environment, 1998). In Australia, where there is a lack of 
primary cavity-excavating species (e.g. woodpeckers), tree hollows typically are 
created through processes involving tree damage and decay via fungal and insect 
attack. Hollows suitable for many forest vertebrates seldom occur in eucalypt trees 
<120 years old (Gibbons and Lindenmayer, 2002). For large logs, replacement first 
requires large old trees to be present in the landscape, with large limbs that drop to 
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the forest floor. If prescribed burning is repeated at an interval shorter than the rate 
of replacement for such habitat structures, incremental loss of suitable den sites 
can be expected. A reduced abundance of logs from regular prescribed burning has 
been reported in other eucalypt forests in south-eastern Australia (Aponte et al., 
2014; Collins et al., 2012). 
5.5.4. Implications for conservation and fire management 
Given the widespread use of prescribed burning as a management practice, it is 
imperative to better understand its implications for plant and animal populations. 
First, the use of patchy burns to promote spatial mosaics of burnt and unburnt 
patches has been proposed as a means of enhancing the local diversity of habitats 
(e.g. Bradstock et al., 2005) and reducing detrimental ecological effects. Holland et 
al. (Holland et al., 2017) showed that the loss, through prescribed fire, of habitat 
structures such as litter, logs and stumps is proportional to the extent of the 
landscape burnt: thus, patchy burns retain more of these resources in the 
landscape. However, we caution that even patchy burns of low intensity, as in this 
study, can result in substantial losses of important habitat structures for fauna such 
as A. flavipes.  
Second, the time interval between successive burns is critical for the post-fire 
recovery of animal populations, and for replenishment of habitat structures 
depleted by burning (Aponte et al., 2014; Matlack, 2013). Recommendations for fire 
management need to recognise the dynamic interaction between fire and the 
habitat structures used by animals for refuge, foraging and reproduction (Clarke, 
2008). However, current recommendations are often based on the requirements of 
plant species, such as the minimum time for species to regrow and set seed (Cheal, 
2010). There is a clear need for quantitative data from different ecosystems on the 
rate of production, loss, and post-fire replenishment of structures important for 
animal species. 
Third, prescribed burning needs to occur within a regional planning context that 
incorporates the spatial and temporal pattern of burning, and their likely 
implications both for human safety and ecological values. To ensure the ongoing 
provision of suitable habitat for all species, both early and late-successional (Fox, 
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1982; Watson et al., 2012), a spatial pattern that includes a range of post-fire age-
classes will be required (e.g. Kelly et al., 2015). Long-unburnt forest will be 
particularly important for obligate hollow-using species such as A. flavipes. 
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5.7. Supplementary material 
Table S5.1. Daily use of habitat structures as den sites by Antechinus flavipes (number of 
unique habitat structures in parentheses) for (a) broad habitat structures; (b) tree species; 
(c) tree size-classes; (d) log size-classes; and (e) height of den in tree. These data were used 
to analyse (1) types of habitat structures used as den sites and (2) use of habitat structures 
as den sites before versus after prescribed burning. Bold indicates the total daily use (or the 
number of unique habitat structures) for each category. 
 Use (pre- and post-burn 
combined)(1) 
Use  
(pre-burn) 
Use 
(post-burn) 
(a) Habitat structures   
Log 60 (44) 29 (24) 27 (19) 
Stump 18 (13) 6 (5) 11 (8) 
Tree 73 (33) 52 (28) 20 (8) 
Xanthorrhoea 9 (4) 7* (3) 2* (1) 
 160 (94) 94 (60)   60 (36) 
(b) Tree species   
E. microcarpa 37 (9)  23 (8) 14 (3) 
E. tricarpa 17 (9) 15 (9) 1 (1) 
dead tree 16 (12) 12 (9) 4 (3) 
other 3 (3) 2 (2) 1 (1) 
 73 (33) 52 (28) 20 (8) 
(c) Tree size-class (cm)   
small (10 – <30) 5 (4) 3 (2) 2 (2)  
med (30 – <50) 25 (13) 19 (10) 6 (4) 
large (≥50) 43 (16) 30 (16) 12 (2) 
 73 (33) 52 (28) 20 (8) 
(d) Log size (cm)   
small (10 - <20) 23 (22) 12 (12) 9 (9) 
med (20 - <40) 27 (17) 10 (8) 16 (9) 
large (≥40) 10 (6) 7 (4) 2 (1) 
 60 (45) 29 (24) 27 (19) 
(e) Height in tree (m)   
low (<1) 9 5 3 
med (1 - <2) 18   8 10 
high (≥2) 46  39 7 
 73 52 20 
*not considered for analysis 
(1)These values include data from individual M5 whose data were not included in post-burn 
calculations because they were outside the burn area.  
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Table S.5.2. Models of the use of habitat structures as den sites by A. flavipes versus their 
availability in the landscape. The response variable is the difference between the 
proportional use of a habitat structure as a den site and the proportional abundance of that 
attribute across the landscape. Results are from linear mixed models for (a) tree type; (b) 
tree size; and (c) log size; with significant results in bold. The reference category for each 
variable is as follows: tree species (Eucalyptus tricarpa), tree size (small) and log size (large). 
Model fit is represented by R2m - the variance explained by explanatory variables and R2c - 
the variance explained by both explanatory variables and the random term. 
Variable Estimate SE Lower 95% CI Upper 95% CI R2m R2c 
(a) Tree type*       
Intercept -0.822 0.198 -1.209 -0.434 0.65 0.67 
Tree – E. microcarpa 1.139 0.286 0.578 1.700   
         - dead tree 2.158 0.620 0.942 3.373   
         - other -0.530 0.198  -0.918 -0.143   
(b) Tree size*       
Intercept -2.069 0.125 -2.302 -1.837 0.96 0.96 
Tree size – medium 2.706 0.337 2.045 3.367   
                 - large 4.336 0.819 2.731 5.941   
(c) Log size       
Intercept 0.304 0.257 -0.199 0.806 0.33 0.33 
Log size – small -1.064 0.363 -1.775 -0.353   
               - medium 0.125 0.363 -0.586 0.836   
*Variance function used 
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Table S.5.3. Comparison of the use of habitat structures as den sites by A. flavipes before 
versus after burning for: (a) broad habitat structures; (b) tree species; (c) tree size-classes; 
(d) log size-classes; and (e) height of den site in tree. Results are from generalised linear 
mixed models with significant results in bold. The reference category for each variable is as 
follows: burn (before), den site (tree), tree species (Eucalyptus microcarpa), tree size 
(large), log size (small) and height in tree (low). Model fit is represented by R2m - the 
variance explained by explanatory variables and R2c - the variance explained by both 
explanatory variables and the random term. 
Variable Estimate SE Lower 
95% CI 
Upper 95% 
CI 
R2m R2c 
(a) Broad habitat structures*       
Intercept 0.485 0.552 -0.597 1.567 0.23 0.23 
Burn – after -1.484 0.883 -3.215 0.247   
Den site – log -1.363 0.782 -2.896 0.170   
                - stump -3.789 0.917 -5.586 -1.992   
Burn - after x Den site - log 1.977 1.232 -0.438 4.392   
                                        - stump 2.722 1.341 0.094 5.350   
(b) Tree species*       
Intercept -0.457 0.593 -1.619 0.705 0.32 0.32 
Burn – after 1.441 1.081 -0.678 3.560   
Tree species – E. tricarpa -0.848 0.845 -2.504 0.808   
                       - dead -0.969 0.861 -2.657 0.719   
                       - other -3.595 1.170 -5.888 -1.302   
Burn - after x Tree species       
                       - E. tricarpa -3.667 1.820 -7.234 -0.010   
                       - dead -1.842 1.605 -4.988 1.304   
                       - other -0.918 1.951 -4.742 2.906   
(c) Tree size*        
Intercept 0.337 0.629 1.569 -0.896 0.29 0.29 
Burn – after -0.296 1.137 1.933 -2.525   
Tree size - small -3.961 1.161 -1.685 -6.237   
                 - med -1.010 0.887 0.729 -2.749   
Burn - before x Tree size - small 1.763 1.896 5.479 -1.953   
                                             - med -0.393 1.614 2.771 -3.556   
(d) Log size*       
Intercept -0.356 0.500 -1.336 0.624 0.16 0.16 
Burn – after -0.219 0.763 -1.714 1.276   
Log – medium -0.353 0.715 -1.754 1.048   
       - large -0.963 0.752 -2.437 0.511   
Burn - after x Log - medium 1.164 1.077 -0.947 3.275   
                                - large -1.327 1.284 -3.844 1.190   
(e) Height in tree*       
Intercept -2.515 0.620 -3.730 -1.300 0.35 0.35 
Burn – after 0.627 0.975 -1.284 2.538   
Height – med 0.578 0.762 -0.916 2.072   
             - high 3.810 0.825 2.193 5.427   
Burn - after x Height - med 1.168 1.265 -1.311 3.647   
                                     - high -2.566 1.267 -5.049 -0.083   
*Observation level effect added as a random term to account for overdispersion
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Chapter 6 – Changes in movement after 
prescribed burning for a small Australian 
marsupial Antechinus flavipes. 
   
Changes to habitat structures used by A. flavipes were observed after prescribed burning. 
Some individuals occasionally used the ‘skirt’ cover of grey grass tree Xanthorrhoea glauca 
subsp. angustifolia, which can be removed during burning. Photos also show the reduction 
of leaf litter after burning, an important habitat feature used for foraging by A. flavipes. 
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6.1. Abstract 
The survival of individual animals during or after fire can be influenced by their 
ability to move through the landscape. The ability to avoid the radiant heat from 
fire, and then adapt to changes in habitat after burning, is one way in which small 
mammals may survive in fire-affected areas. Alternatively, their survival may 
depend on an ability to move away from a burned area and re-establish in another 
suitable habitat. Here, I studied the home-range, movement and habitat use of the 
small marsupial, Antechinus flavipes, before versus after prescribed burns, to 
examine how this species responds to burning. I used radio-telemetry and habitat 
surveys to track the nocturnal movement of A. flavipes individuals and to record the 
habitats they used. Individual A. flavipes largely remained within their pre-burn 
home range after prescribed burns, although some individuals showed changes in 
the size or shape of the home range. After burning, I observed a 60% reduction in 
the use of logs during nocturnal hours compared pre-burn activity. This is likely due 
to a marked reduction in the abundance of logs due to prescribed burning (40-50% 
reduction). I recorded lower rates of nocturnal movement (m/hr) for individuals in 
the post-burn environment. These results show that the response of individual A. 
flavipes to patchy prescribed burns is to survive the fire and remain in the same 
location, but they may make behavioural adjustments in spatial and temporal 
activity in the post-burn environment. Such behavioural adjustments could include 
increased use of torpor to reduce foraging requirements and differential use of 
habitat within their home range. Further research is required to determine how 
prescribed burning during the spring breeding season affects the survival and 
movements of females and their offspring. 
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6.2. Introduction 
The movement of animals is an important biological process that can strongly affect 
an individual’s fitness and survival (the 'movement ecology paradigm'; Nathan et al., 
2008; Norrdahl and Korpimaki, 1998). Through movement, individuals locate food, 
mates, shelter, den sites or seek safety from predation (Nathan et al., 2008). 
Therefore, patterns of movement can be affected by the spatial distribution of food, 
foraging preferences, habitat availability, density of conspecifics and the real or 
perceived risk of predation (Arthur et al., 2004; Hirsch et al., 2013; Hof et al., 2012; 
Schoepf et al., 2015). Movement patterns are often studied in relation to the home 
range of individual animals. Home range refers to the area used by an individual 
when performing its normal activities of foraging, mating and caring for young 
(Burt, 1943; Harris et al., 1990). Within their home range, individuals are expected 
to enter into a given activity, such as foraging for food, depending on the associated 
costs and benefits (the 'optimal foraging theory'; Charnov, 1976; Krebs et al., 1974; 
Pyke, 1984) 
The patterns of movement of individuals considered prey may be largely influenced 
by both the perceived and real risk of predation (the 'landscape of fear paradigm'; 
Bleicher, 2017; Laundré et al., 2014, 2001). An individual small mammal must make 
movement decisions that allow it to obtain food and participate in social 
interaction, while simultaneously considering the risk of predation. For example, 
Norrdahl and Korpimaki (1998) tracked field voles Microtus agrestis in Finland. They 
found that voles that moved most frequently were more likely to die from 
predation, suggesting that animals that reduce their mobility may have better 
survival prospects. An animal’s ability to avoid predation depends on its ability to 
detect approaching predators, as well as conceal itself by seeking shelter. A 
complex relationship with habitat is therefore observed in many species considered 
prey (Camp et al., 2012). For example, the distribution of some small mammal 
species is  positively correlated with structural complexity of habitat. Individuals 
choose to move through dense vegetation and habitat structures such as logs, for 
protection from predators (Catling et al., 2001; Catling and Burt, 1995; Sauder and 
Rachlow, 2015; Stokes et al., 2004).  
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Disturbances, such as fire, can alter the composition, quality and quantity of habitat 
for a species, resulting in changes to the movement and home range of individuals 
(Fordyce et al., 2016; Swan et al., 2016). Many individuals can survive the 
immediate impacts of fire by undertaking local movements to find refuge or by 
moving away from the fire front (Banks et al., 2011a; Robinson et al., 2013). 
However, these same individuals may have difficulty surviving in the post-fire 
environment due to stressors such as predation, loss of habitat for shelter and 
refuge, and changed food availability (Banks et al., 2011b; Lindenmayer et al., 2008; 
Recher et al., 2009). They therefore will need to change their movement and 
habitat use to survive in the post-burn environment. Fire often simplifies the habitat 
structural complexity of vegetation in the short-term (Fox, 1982), indirectly 
affecting animals that rely on dense vegetation. For example, simplification of 
habitat via removal of logs and shrubs can increase predation from avian predators 
by making small mammals more visible (Arthur et al., 2012; Sutherland, 1998). Food 
availability may also be reduced, for example, for those species that rely on fruit 
from shrubby plants (Sanaiotti and Magnusson, 1995). Understanding how species 
change their home-range and movement in response to a disturbance, such as fire, 
can improve our understanding of the species’ adaptability and habitat 
requirements (Nathan et al., 2008). 
Here, I investigated the movement and home range of a small marsupial, the 
yellow-footed antechinus Antechinus flavipes, before and after prescribed burning 
in a dry forest ecosystem. Individuals of this species occupy a small home range and 
require specific habitat structures within their home range for den sites and 
foraging. Changes to these habitat structures due to disturbances such as 
prescribed burning could affect the distribution of A. flavipes. I investigated 
individual-level responses of A. flavipes to prescribed burning by using radio-
tracking to record movement patterns and habitat use. Specifically, I tested 
whether there were changes in A. flavipes home range size and location, foraging 
movements and use of habitat structures before compared to after prescribed 
burning. 
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6.3. Methods 
6.3.1. Study area 
The study area and use of ‘landscapes’ as study units are described in Chapter 2. 
Four landscapes were used in this study, based on prior trapping of small mammals 
that identified the presence of A. flavipes (Section 2.4). Two of these landscapes 
were burned in the austral autumn (April 2011; 40 and 50% burn cover) and two in 
spring (November 2011; 75 and 90% burn cover, respectively). 
6.3.2. Trapping and radio telemetry 
In each study landscape (two autumn and two spring burns), individual A. flavipes 
were trapped and fitted with radio-transmitters to investigate their movements, 
home range and use of habitat, before and then after the prescribed burns.  
During autumn, radio telemetry was conducted for 12 days and nights before burns 
(March 2011) and 12 days and nights after the burn (April 2011). During spring, two 
individuals were tracked opportunistically over a 41 - 52-day time frame (up to 8 
days post-burn). Radio-telemetry locations (fixes) of animals that were recorded 
during daylight hours were assumed to be den sites, while nocturnal fixes were 
assumed to be active foraging hours. Survey data from remote cameras showed 
that individuals were rarely active during daylight hours. Methods used to trap 
animals, fit collars, and track and record diurnal den sites of A. flavipes individuals 
are given in Chapter 5. 
Nocturnal monitoring sessions began at least one hour after sunset and continued 
until between one and three locational ‘fixes’ had been gained for each animal (to 
3.30 am at the latest). An interval of at least 2 hours was allowed between fixes of 
an individual to ensure the independence of locations (Harris et al., 1990). 
Coordinates and the type of habitat structure (live tree, dead tree, log, stump, 
Xanthorrhoea) were recorded for each fix.  
6.3.3. Habitat surveys  
Structural data from habitat surveys in the four landscapes in which A. flavipes was 
studied were used to assess the changes in availability of habitat structures before 
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versus after prescribed burning. Methods for collecting habitat data are detailed in 
Chapter 2. 
6.3.4. Data analysis 
Home range 
I calculated the home range size of individuals before and after prescribed burns, 
during both autumn and spring. During autumn, I studied short-term (~12 days) 
home ranges that included an individual’s activities of foraging and denning. During 
spring, I also studied short-term (11 - 23 days) home ranges of adult females, that 
included activities of foraging and caring for young. Calculation of a home range for 
each individual allowed me to: 
- establish an estimated area used by each individual and view this on a map; 
- compare the sizes of home ranges used by males and females; 
- identify shared space use between individuals (home range overlap); 
- view the location of den sites within a home range; and 
- visually compare before and after burning, the size, shape and location of 
home ranges on a map. 
There are numerous methods used for home range analysis, all of which have 
advantages and disadvantages (Goldingay, 2015; Harris et al., 1990). Here, I 
estimated home ranges using 50% and 90% kernel-density estimates (KDE50; 
KDE90) and 100% minimum convex polygons (MCP100). 
The kernel density estimation (KDE) method is a popular method for home range 
estimation that uses nonparametric modelling to predict an individual’s utilisation 
distribution (i.e. distribution of an animal’s position in the plane; Worton, 1989). 
The kernel method smooths locational data for more efficient use, however, the 
chosen smoothing factor is highly influential on the resulting home range (Horne 
and Garton, 2006). The choice of a smoothing factor (or bandwidth) controls the 
width of individual kernels and the subsequent level of detail provided. I used the 
likelihood cross-validation method to calculate a smoothing factor because it 
provides a good home range estimate for a data set with < 50 data points and 
multiple points with identical coordinates (Horne and Garton 2006). A core home 
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range is an area within the home range that has the highest use and therefore may 
contain den sites or preferred foraging areas (Powell, 2000). I used a 50% kernel 
density estimation to represent the core home range. 
The minimum convex polygon (MCP) method is one of the most common methods 
for estimating home range (Goldingay, 2015; Mohr, 1947; White and Garrott, 1990). 
The MCP is a simple method that joins the outer points to form a polygon. It has 
been criticised for its simplicity and sensitivity to the number of fixes (Borger et al., 
2006); however, for a small mammal with a small home range, it provides an area 
estimation which includes the pathways between fixes. As it has been widely used 
as a measure of home range, it also allows for comparisons with previous home 
range studies (Harris et al., 1990). Because of its sensitivity to the number of fixes, 
an analysis is required of the relationship between the number of fixes and the 
estimated size of the home range to ensure that sufficient data are available for 
home range calculations (incremental area analysis; Harris et al., 1990; Vernes and 
Pope, 2001). Only individuals for which an asymptote was reached in the 
relationship between number of fixes and estimated area of home range, were 
included in analyses. 
A comparison of the size of male and female home ranges (KDE50, KDE90 and 
MCP100) was tested, for pre-burn data only, by using a two-sample t-test. I 
assumed equal variance for each analysis after undertaking Levene’s test for 
equality of variances (Levene, 1960). 
I tested for differences in the use of space by individuals before and after burns, 
using a multi-response permutation procedures (MRPP) test (Biondini et al., 1988). 
This test uses the location of fixes to assess whether two sets of locations (i.e. pre-
burn fixes and post-burn fixes) come from a common distribution. The MRPP 
statistic is based on the average distance between pairs of fixes within each set of 
locations (i.e. pre-fire or post-fire) compared with the average distance between 
fixes when the data are allocated into two random groups (ignoring pre- or post-fire 
time periods). I ran 10,000 permutations using Euclidean distance (straight line 
between two points) as the distance measure. Significant p-values (<0.05) for the 
MRPP statistic could suggest a shift of an entire home range from the original 
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position, a change in size of the home range, or both a shift of location and change 
in size (White and Garrott, 1990). Where a significant p-value was obtained, I 
viewed maps of the home ranges to determine the type of change that had 
occurred. MRPP tests were performed on six individuals that were tracked both 
before and after autumn burns, on individual M5 whose home range was outside 
the burn landscape both before and after autumn burning, and on one female that 
was tracked both before and after spring burning. 
All home ranges and associated analyses were performed using the spatial analysis 
program, Geospatial Modelling Environment (Beyer, 2012), together with the 
statistical program R 3.1.2 (R Core Team, 2014) and mapping program, ArcMap (GIS; 
Esri ArcMap 10.1). 
Movement 
To assess any changes in the movement patterns of A. flavipes before versus after 
burning, I considered two types of movements: (1) the distance travelled (m) 
between den sites used on consecutive days and (2) the rate of movement (m/hr) 
between consecutive nocturnal fixes. 
To investigate whether movement between den sites differed between sexes and 
was influenced by burning, I used a linear mixed model with a normal distribution 
and identity-link function. Distance between den sites (m) was the dependent 
variable, and individual was included as a random term. Two binary fixed factors, 
sex and burn (i.e. pre or post-burn), and the interaction between these two were 
tested. The interaction term was not significant and so it was subsequently left out 
of the model. Predictor variables were regarded as important if the 95% confidence 
interval did not include zero. Since only two females were tracked during spring, 
there was not enough data for analyses of movements in spring. Autumn and spring 
data could not be combined due to differential use of habitat during spring, shown 
by females with young. Therefore, only autumn data were used for analyses of 
movement between den sites.  
To analyse nocturnal movements, I calculated the rate of movement (m/hr) as the 
distance (m) travelled between two consecutive nocturnal fixes, divided by the time 
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(hours) between these fixes. For individuals with three or more consecutive fixes 
from the same night, I calculated the average rate of movement for that night. As 
above, I fitted a linear mixed model, with the average rate of movement (m/hr) as 
the dependent variable and two fixed factors of sex and burn (pre- or post-burn). 
Individual was included as a random factor. The interaction term between sex and 
burn was tested but was not significant, and so it was subsequently left out of the 
model. Again, predictor variables were regarded as important if the 95% confidence 
interval did not include zero. I fitted all linear mixed models using the lme4 package 
(Bates et al., 2014) in R 3.1.2 (R Core Team, 2014). 
Habitat use 
I investigated the use of habitat by individuals during the active foraging period 
(nocturnal hours). For an initial overview of nocturnal habitat use during autumn, I 
summarised the number of records of A. flavipes in each habitat structure (i.e. live 
tree, dead tree, log, stump Xanthorrhoea plant), using all fixes pre-burn (i.e. from 10 
animals). To investigate the effect of fire on habitat use, I compared pre-burn and 
post-burn habitat use with data only from the six individuals for which both pre- 
and post-burn data were available. As Xanthorrhoea plants were used on only 1 out 
of 241 fixes, it was removed from further analyses. Chi-squared tests of association 
were undertaken for each of the six individuals separately to compare their 
proportional use of logs, stumps and trees before versus after burning. The chi-
squared statistic and degrees of freedom were then added from each of these tests 
to give a combined score. Using the combined chi-squared statistic and degrees of 
freedom, a significance level was determined (Neu et al., 1974; White and Garrott, 
1990). 
I also analysed the data collected during spring, to examine habitat use during 
nocturnal hours. As the two individual females spent a large amount of time in a 
single nest site each (with their young), these nest site records were removed from 
the set of nocturnal records. I then summarised foraging habitat use pre-burn using 
the number of fixes recorded within each habitat structure. Post-burn data were 
insufficient for comparison among habitat structures. 
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6.4. Results 
6.4.1. Overview of tracked animals 
During autumn, six males (mean body weight 51 g) and four females (31 g) were 
tracked before the prescribed burns. Of these, five males and two females were 
tracked again after the burns (Table 6.1). An additional female was also tracked 
after the burns (Table 6.1). One male (M5) had a home range mainly outside the 
burn area both before and after burning. Therefore, data from this individual was 
not relevant for pre-burn vs post-burn comparisons. This resulted in post-burn data 
available for four males and three females.  
During spring, two females were tracked before and after the prescribed burns 
(mean weight 48 g; Table 6.1). One was found dead and buried (presumably by a 
red fox Vulpes vulpes) six days after the prescribed burn, so data for only one 
female was available post-burn. 
Tracking resulted in 160 diurnal fixes and 360 nocturnal fixes. The number of diurnal 
fixes for each individual ranged from 6 to 20, while nocturnal fixes ranged from 17 
to 44 (Table 6.1). 
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Table 6.1. A summary of results for the tracking of Antechinus flavipes. Results are shown 
for tracking during autumn (males and females) and spring (females only). The number of 
fixes is shown for pre and post-burn separately for each individual. 
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Autumn  
(males) 
M1 50 13 10 19 25 12 7 16 16 
M2 65 12 9 19 18 13 9 23 18 
 M3 49 13 10 22 24 5 - - - 
 M4 42 14 8 20 20 13 9 21 9 
 M5* 56 25 15 36 30 - - - - 
 M6 57 13 10 18 23 12 8 20 16 
mean  53 15 11 22 23 11 8 20 15 
Autumn  
(females) 
F1 29 15 11 24 29 13 9 20 7 
F2 36 15 10 24 21 13 7 18 8 
 F3 33 14 6 17 13 - - - - 
 F4 29 12 11 22 23 - - - - 
 F5 30 - - - - 13 11 22 18 
mean  31 14 10 22 22 10 9 20 9 
Spring  
(females) 
F6 47 11 6 15 15 11 4 16 9 
F7 49 23 14 25 11 4 2 5 3 
Mean  48 17 10 20 13 8 3 11 6 
*M5 – tracked both before and after burning but had a home range outside the burn area. 
 
6.4.2. Home range of Antechinus flavipes 
Home range size and shape were calculated for each individual both before and 
after burns using MCP100, KDE50 and KDE90 (Table 6.2; Fig 6.1). Using KDE90, the 
average home range of females before the burns was 2.5 ha (± 0.44 standard error). 
The home range of males tended to be larger, with an average of 4.8 ha (± 1.09) but 
this was not significantly different from females (t = -1.77, df = 8, p = 0.12). Core 
home ranges (KDE50) also showed a trend of being larger for males (1.48 ha ± 0.76) 
than females (0.70 ha ± 0.17; t = -1.98, df = 8, p = 0.08). The two females tracked 
before burns in spring showed vastly different home range sizes, with one using a 
small range and the other a large range (KDE50: 0.17 vs 2.35 ha; KDE90: 0.82 vs 
9.66ha). 
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For MCP100 home ranges, the size of the home range stabilised at 18 - 22 fixes (Fig 
6.2). All individuals had reached an asymptote and so, were used in the analysis. 
Male home ranges before burns in autumn (3.24 ± 0.48 ha) were significantly larger 
than females (1.68 ± 0.27 ha; t = -2.46, df = 8, p = 0.04).  
 
 
Figure 6.1. The home range of individual M2 pre-burn comparing (a) MCP100 (dashed line) 
and (b) KDE90 and KDE50 (full line). Diurnal den sites (X) and nocturnal fixes (O) are also 
shown. 
 122 
 
Table 6.2. Summary of Antechinus flavipes home range (HR) and movement pre- and post-burn. Home range analysis used kernel density estimation (KDE) and 
minimum convex polygon (MCP). Movement analysis used multi-response permutation procedure (MRPP). Individuals were tracked at three separate locations 
during autumn (locations A, B and C) and two separate locations during spring (locations E and F). 
Animal ID Location Home range 
overlap 
Pre-burn home range (ha) Post-burn home range (ha) Post-burn %  
change (KDE 90%) 
MRPP 
p-value  KDE 50% KDE 90% MCP KDE 50% KDE 90% MCP 
Autumn burn - females        
F1*+ B F2, M4 0.75 2.43 1.52 0.12 0.48 0.39 ↓80 0.018 
F2*+ B F1, M4 0.72 2.44 1.84 0.14 0.77 0.96 ↓68 0.001 
F3+ C M6 0.47 2.04 1.04    
F4+ A M2, M3 0.87 3.11 2.31    
F5 C M6  0.51 1.92 2.09   
mean   0.70 2.51 1.68 0.26 1.06 1.15   
         
Autumn burn - males      
M1*+ D No 1.87 5.56 3.26 2.86 8.47 4.64  ↑52 0.140 
M2*+ A F4 1.10 4.02 2.98 0.67 3.08 3.08  ↓23 0.003 
M3+ A F4 1.07 3.40 3.69    
M4*+ B F1, F2 0.83 2.62 1.67 0.42 1.42 1.15 ↓46 <0.010 
M6*+ C F3, F5 1.16 3.64 2.66 2.87 8.05 4.97 ↑121 0.010 
        
Autumn unburnt - male        
M5+ D No 2.85 9.53 5.20 1.70^ 5.72^ 3.92^ ↓40^ 0.001^ 
mean 1.48 4.80 3.24 1.71# 5.26# 3.46#   
        
Spring burn - females        
F6 E No 2.35 9.66 3.81 1.90 6.27 2.98 ↓20 0.130 
F7 F No 0.17 0.82 1.01      
*Data used in pre-burn versus post-burn analysis   +Data used for pre-burn male versus female analysis   #Mean does not include individual M5   
^These values are in an unburnt landscape adjacent to the burnt landscape but measured at the same time as the post-burn data. 
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Figure 6.2. Asymptote analysis for four individuals, showing stabilisation in home range size 
(ha) at 18 fixes for three individuals and 22 fixes for one individual (F denotes a female, M 
denotes a male). 
 
Overlap in home ranges was observed between some animals. Individuals were 
tracked in four distinct locations (within two study landscapes) with a maximum of 
three individuals per location (Fig 6.3). In three locations, there was overlap in the 
home ranges of tracked animals (Table 6.2; Figs. 6.3, 6.4). For individuals with 
overlapping home ranges, co-denning was observed during both diurnal and 
nocturnal telemetry fixes. Using data only from individuals with overlapping home 
ranges during autumn, I observed co-denning in 7% (10/134) of fixes pre-burn and 
5% (2/40) post-burn. Co-denning was recorded between two females and also 
between male and female pairs. 
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Figure 6.3. An example of overlapping home ranges at one study landscape (shown in 
dotted line; JAH; ~100ha). Home ranges (KDE90) of six individuals are shown (full lines), 
some with overlapping home ranges. 
 
 
Figure 6.4. Home-range overlap between three individuals before burning. Home range 
calculated using kernel density estimate 90% and 50%. Individuals shown are M4 (male; ---- 
home range; □ den site), F1 (female;  ; X ) and F2 (female;  ; O). The symbol, , 
denotes a shared den site between F1 and F2. 
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6.4.3. Space use after burning 
Results of a multi-response permutation procedure (MRPP) showed that during 
autumn, all individuals except one (M1) had a significant difference in the location 
of fixes before, compared with after burning (Table 6.2; Fig 6.5). During spring, the 
tracked female did not show any difference in locations pre and post burn (F6; 
Table 6.2; Fig 6.6). 
An eighth individual (M5), which was initially trapped inside the study area, but 
after the second day of tracking only used habitat across the road from the study 
area (i.e. outside the burn area), also showed a significant difference in the location 
of fixes before versus after the time when burning took place (Table 6.2; Fig 6.6).  
I used maps of KDE50 and KDE90 home ranges to visualise the type of changes that 
were occurring in locations pre vs post-burn for each individual (Figs 6.5 and 6.6). 
After burning, all individuals still used at least some of their pre-burn home range, 
with 90% of post-burn fixes within the pre-burn home range for females and 70% 
for males. Females appeared to have smaller home ranges post-burn, while males 
appeared to shift their home ranges post-burn (Figs 6.5 and 6.6).  
 
6.4.4. Movement 
Movement between den sites  
During autumn, there were no clear patterns in den site location within the home 
range, with 67% of den sites located within the core home range (KDE50; Fig 6.5). 
During spring, when females were tending dependent young in a nest, only one nest 
site (den site with young) was used for prolonged periods and was located in the 
centre of the core home range (KDE50; Fig. 6.6). 
During autumn, A. flavipes frequently relocated den sites. The distance between 
den sites used on consecutive days appeared greater for males (86 m ± 8 SE) than 
females (53 m ± 7), although this difference was not significant (Table S6.1, S6.2, 
S6.3). Movement between den sites, for both sexes combined, was recorded on 
86% of consecutive daily records pre-burn (60 out of 70) and 72% post-burn (36 out 
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of 50). There was no difference in distance travelled between den sites before 
versus after burning, for males and females combined (76 ± 7 m and 65 ± 9 m; Table 
S6.3).  
 
Figure 6.5. Home ranges calculated using kernel density estimation 50% and 90% pre-burn 
(solid line) and post-burn (dashed line). Individuals shown include those tracked in autumn 
burn sites (F1, F2, M1, M2, M4, M6). F indicates females and M indicates males. These 
figures are for illustrative purposes only and are not to scale. Den sites pre-burn (X), den 
sites post-burn (O) and den sites used both pre and post-burn ( ). 
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Figure 6.6. Home ranges calculated using kernel density estimation 50% and 90% pre-burn 
(solid line) and post-burn (dashed line). Individuals shown include a female from a spring 
burn site (F6) and a male from an autumn unburnt site (M5). These figures are for 
illustrative purposes only and are not to scale. Den sites pre-burn (X), den sites post-burn 
(O) and den sites used both pre and post-burn ( ). 
 
Nocturnal movement 
The average rate of movement for individual A. flavipes was 14 m/hr (all individuals 
combined for pre and post-burn). A. flavipes had a significantly lower nocturnal rate 
of movement in the post-burn environment (10 m/hr ± 2) compared to pre-burn (18 
m/hr ± 2; Table S6.3). The nocturnal rate of movement appeared higher for males 
M
5
F6 
M5 
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(18 m/hr ± 2) than for females (10 m/hr ± 2), although this was not significant (Table 
S6.3).  
6.4.5. Habitat use during active nocturnal hours 
During autumn, A. flavipes was recorded in trees (39% of fixes), logs (38%), stumps 
(20%) and Xanthorrhoea plants (3%) (n = 10 individuals) during active nocturnal 
hours. Using data for six individuals tracked both pre- and post-burn, the 
proportional use of habitat by individuals changed significantly post-burn (Fig. 6.7; 
X2 = 47.15, df = 11, p-value < 0.001). Post-burn, use of logs decreased by 60%, while 
use of both trees and stumps increased. During spring, while foraging, females were 
found in trees (58%), logs (23%) and stumps (19%). There were insufficient post-
burn data for comparison. 
 
 
 
Figure 6.7. Antechinus flavipes proportional use of habitat pre-burn (circle) versus post-
burn (triangle) for six individuals that were tracked both pre- and post-burn. Values are the 
mean proportion (95% confidence interval) for the six individuals. The data show reduced 
use of logs post-burn and increased use of trees. 
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6.4.6. Changes to habitat structures post-burn 
During autumn, habitat surveys from the study landscapes showed a 40-50% 
decrease in logs from all size classes (>10 cm diameter) and a 33% decrease in 
ground cover (0 – 50 cm) from before to after burning. There was also a 30% 
decrease in mean litter depth (2.1 cm to 1.5 cm) in burn areas. Losses of trees and 
stumps in these areas were minimal. During spring, habitat surveys showed a 
decrease post-burn of 66% of logs and a 64% loss of ground cover (0 - 50 cm). 
Losses of trees and stumps were minimal for these study areas. 
6.5. Discussion 
Species-specific understanding of the way in which disturbance processes affect the 
movement patterns and habitat use of individuals, is an essential component of 
conservation management (Driscoll et al., 2010). While individuals often survive the 
direct impacts of fire, indirect impacts such as changed habitat and reduced food 
availability can affect survival and population persistence in the post-burn 
environment (Banks et al., 2011b; Fordyce et al., 2016; Morris et al., 2011b). Here, I 
found that individual A. flavipes survived the direct impact of low-intensity, patchy 
prescribed burns. In the post-burn environment, they largely remained in their 
existing home ranges, but there was evidence for decreased movement during the 
nocturnal foraging period, potentially to reduce their energetic requirements and 
risk of predation. 
Home range size of A. flavipes 
Before burning, home ranges of individual A. flavipes in this study area were 
approximately four times larger than those recorded in a similar box-ironbark 
forest-type at Chiltern in north-eastern Victoria (minimum convex polygon home 
ranges: 0.84 ha Chiltern vs 3.24 ha this study; Coates, 1995). Both studies used 
radio-telemetry fixes, MCP and were conducted at the same time of the year, but 
20 years apart (1991 vs 2011). There are several reasons why such differences may 
occur. First, the box-ironbark forest at Chiltern has a higher mean annual rainfall 
than this study area (i.e. 694 mm at Chiltern vs 579 mm at Redesdale; Bureau of 
Meteorology, 2016) which is likely to contribute to a more dense shrub layer 
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reported for these forests (Muir et al., 1995) and to greater productivity and 
availability of invertebrates as prey (Lada et al., 2013). Chiltern also reportedly has a 
higher density of A. flavipes, suggesting that the home range size of individuals is 
inversely correlated with the density of conspecifics, likely mediated by food 
resources (Coates, 1995; Lada et al., 2008). For example, Schoepf et al. (2015) 
provided supplemental food to populations of the African striped mouse 
Rhabdomys pumilio in South Africa and found that home range size decreased 
where more food was available, and density of conspecifics increased. A second 
reason why there may be differences in home range size relates to environmental 
fluctuations that affect food resources. This study occurred after nine years of 
drought, which could have reduced the availability of invertebrates, resulting in 
larger home range size to meet energetic requirements.  
I showed evidence that co-denning and home range overlap occurs in A. flavipes. 
This is consistent with previous research on this species (Coates, 1995) and other 
antechinus species such as the brown antechinus A. stuartii and agile antechinus A. 
agilis (Banks et al., 2005; Cockburn and Lazenby-Cohen, 1992; Lazenby-Cohen, 
1991). Research on A. stuartii has shown that up to 20 individuals have been found 
co-denning, usually in a tree hollow (Cockburn and Lazenby-Cohen, 1992; Lazenby-
Cohen and Cockburn, 1991). The benefits of this behaviour could include enhanced 
thermoregulation, and importantly, social interactions before and during the mating 
season (Gibbons and Lindenmayer, 2002; Lazenby-Cohen, 1991). Conversely, 
following the death of all males, co-denning is rarely observed between females of 
A. flavipes with dependent young (Coates, 1995). 
Behavioural changes in the post-burn environment 
All A. flavipes individuals survived the burns, but their survival in the post-burn 
environment depends on the continued availability of structural habitat attributes. 
Prescribed burning in this ecosystem resulted in a reduction in the abundance of 
logs, leaf litter depth and ground cover, with larger losses in landscapes with higher 
burn coverage (Holland et al., 2017). Changes in vegetation structure due to fire can 
influence the distribution and abundance of many small-mammal species (Converse 
et al., 2006; Monamy and Fox, 2000; Swan et al., 2015). For A. flavipes, loss of 
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ground cover and logs could increase both the perceived risk of predation (Stokes et 
al., 2004) and actual risk of predation (Morris et al., 2011b) suggesting there may be 
advantages in adjusting their home range and movement patterns to survive 
(O’Donnell et al., 2016).  
I expected that individual A. flavipes would shift their home ranges to take 
advantage of unburnt patches close-by. Contrary to this expectation, post-burn 
observations showed that individual A. flavipes largely remained within their pre-
burn home range. Persistence within a burnt area is common for small and 
medium-sized mammals in fire-prone environments (e.g. Banks et al., 2011b; 
Garvey et al., 2010; Hope, 2012; Vernes and Pope, 2001), but movement away from 
the burn area has also been reported (e.g. Morris et al., 2011a). While A. flavipes 
remained within their pre-burn home range after burning, there were subtle shifts 
in the spatial location of the ‘fixes’ recorded. These may reflect minor adjustment of 
the home range related to how the local patchiness of burn conditions affected 
foraging substrate (e.g. logs), food abundance and refuge. Alternatively, these 
subtle shifts may simply reflect individuals using a different part of the home range 
at a different period of time. It was notable that male M5, for which the home 
range was outside the burn area, also showed a minor change in the spatial location 
of fixes between the pre-burn and post-burn tracking periods. 
While remaining within the same home range area after prescribed burns, there 
was evidence that individuals adapted aspects of their behaviour in response to the 
burns. First, in the post-burn environment, during active foraging hours, A. flavipes 
showed relatively greater use of trees and less use of logs than before the 
prescribed burn. This appears to be a direct response to the loss of logs during 
prescribed burns and may also indicate a change in foraging behaviour. A. flavipes 
regularly forage around logs and in leaf litter, but could adapt their behavior to 
spend more time foraging on the surface of trees (e.g. Dickman, 1991) after 
burning. Second, the average rate of movement (metres/hr) for individuals was 
lower in the post-burn environment than before prescribed burns. This may reflect 
less activity overall, or a reduced scale of activity with greater concentration in a 
local area rather than moving widely in the home range.  
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One mechanism that may assist survival in the post-burn environment is an increase 
in the duration of daily torpor. This would reduce energy requirements for A. 
flavipes and consequently, reduce the need to be exposed to predators while 
foraging. Daily torpor in this species is of short duration (~5.5 hours) and involves a 
drop in body temperature (from ~35 degrees to ~24.5 degrees in A. flavipes; Geiser, 
1994). Matthews et al. (2017) and Stawski et al. (2015) showed that A. flavipes, and 
a congener A. stuartii, reduced movement after fire (wildfire and prescribed 
burning, respectively) by increasing daily torpor. A reduction in daily movement by 
A. flavipes may be a successful strategy for the short-term in the post-burn 
environment. However, during the breeding season when females have young in 
nests and are lactating, they may not be able to increase daily torpor. Further 
research into the use of torpor and other behavioural adaptations to fire during the 
breeding season is needed. 
Conclusions 
An individual small mammal must make movement decisions that allow it to obtain 
food and participate in social interaction, while simultaneously considering the risk 
of predation. Here, I found that A. flavipes survived the direct impacts of burning 
and remained within its pre-burn home range. Changes in use of habitat structures 
and reduced movements were two behaviour adaptations to changes after burning. 
Differences observed between individuals suggest that behavioural adaptations will 
depend on local fire conditions resulting from fire intensity, patchiness of the burn 
and resource availability within an individual’s home range.  
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6.6. Supplementary material 
Table S6.1. Distances travelled between den sites recorded on consecutive days (autumn). 
Average distance moved only considers records when movement occurred (i.e. a different 
den site was used). 
 pre-burn post-burn 
 
Records No. times 
moved 
Average distance 
moved (m) 
Records No. times 
moved 
Average distance 
moved (m) 
Females      
F1 8 7 74* 7 3 26* 
F2 7 7 50 4 0 N/A 
F3 10 6 58 - - - 
F4 8 7 104 - - - 
F5 - - - 9 9 102 
       
Males      
M1 7 7 104* 6 3 141* 
M2 5 2 110* 8 7 85* 
M3 7 7 164 - - - 
M4 6 6 62* 7 6 38* 
M5 6 4 113 4^ 4^ 127^ 
M6 7 6 103* 5 4 128* 
       
Mean 7 6 94 6 5# 74# 
*Data used in paired t-test for pre- post-burn comparison 
^These values are in an unburnt landscape adjacent to the burnt landscape but measured 
at the same time as the post-burn data. 
#Mean calculations do not include individual M5 who was outside the burn area 
 
 
Table S6.2. A summary of changes in movement and home range pre vs post-burn. M = 
nocturnal movement (m / hr), D = distance between consecutive den sites (m) and HR = 
kernel density estimation 90% home range size 
individual Pre-burn  Post-burn  Changes pre vs post burn 
 M D HR  M D HR  N (%) D (%) HR (%) 
F1 15 74 2.43  3 26 0.48  -80 -65 -80 
F2 6 50 2.44  4 0 0.77  -33 -100 -68 
M1 17 104 5.56  36 141 8.47  +112 +36 +52 
M2 24 110 4.02  8 85 3.08  -67 -23 -23 
M4 17 62 2.62  4 38 1.42  -76 -39 -46 
M6 20 103 3.64  11 128 8.05  -45 +24 +121 
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Table S6.3. Results of linear mixed models of factors influencing a) distance between den 
sites (metres) and b) rate of nocturnal movement (metres/hour). 
Source Estimate Standard 
error 
Lower 95% 
confidence 
interval 
Upper 95% 
confidence 
interval 
t-value 
Distance between den sites (m)     
Intercept 70.90 20.46   3.47 
Sex (male) 35.17 22.87 -9.66 80.00 1.54 
Burn (after) -13.09 10.95 -34.55 8.37 -1.20 
Nocturnal movement (m / hr)     
Intercept 13.63 3.42   3.98 
Sex (male) 6.77 4.42 -1.18 15.42 1.53 
Burn (after) -6.58 2.743 -11.96 -1.20 -2.40 
 
 
 
 
 
Chapter 7 – Synthesis: The effect of 
prescribed burning on the yellow-footed 
antechinus 
 
 
Logs and stumps are used by A. flavipes for den sites and foraging, but many were 
consumed during prescribed burning (log and stump images by Andrew F. Bennett). 
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7.1. Introduction  
Prescribed burning is increasingly used worldwide to mitigate the severity of 
potential future wildfires or as a management tool to benefit biodiversity 
(Fernandes and Botelho, 2003; Penman et al., 2011). Prescribed burning alters the 
structure of vegetation, and hence faunal habitats, and is therefore expected to 
influence the behaviour of species that depend on resources close to the ground 
layer such as litter, low shrubs and logs (e.g. Fordyce et al., 2016). However, the 
ability to predict faunal responses to prescribed burning is limited (Driscoll et al., 
2010; Nimmo et al., 2014), particularly when a single species can have contrasting 
responses to different fire events at the same location (Monamy and Fox, 2000). 
This uncertainty highlights the need for improved understanding of the mechanisms 
underlying faunal responses to fire, such as how fire affects the ability of a species 
to access resources (e.g. den sites, food), move through the landscape, and respond 
to predators and competitors (Griffiths and Brook, 2014). 
In this thesis, I have provided novel insights into mechanisms underlying the 
response of the yellow-footed antechinus Antechinus flavipes to prescribed burning 
in a box-ironbark forest in north-central Victoria, Australia. More specifically, this 
new information about habitat use, den sites and movement can contribute to 
decisions about fire management and appropriate fire regimes for this ecosystem. 
In Table 7.1, I have summarised the main objectives, findings and conclusions of 
each data chapter. The broader implications of these findings are discussed below. 
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Table 7.1. Summary of the key objectives, findings and conclusions of each data chapter in this thesis. 
Questions Main findings Main conclusions 
Chapter 3: Habitat associations of the small marsupial, yellow-footed antechinus Antechinus flavipes in a box-ironbark forest in Victoria 
Is the distribution and activity 
of A. flavipes related to:  
a) habitat structures that 
provide den site habitat (large 
trees, logs and stumps);  
In the non-breeding season, the distribution 
of A. flavipes was positively correlated with 
habitat structures containing hollows (large 
trees, large logs, stumps) at both the site level 
(large trees) and landscape level (all 
structures). 
Structural elements important to A. flavipes typically are 
associated with older, more complex forests. Large trees, logs 
and stumps provide hollows as den sites, as well as providing 
foraging habitat. 
b) habitat associated with 
foraging (leaf litter and shrub 
cover);  
 
In spring, when only adult females caring for 
young remained in the population, the activity 
of A. flavipes, at a limited subset of 
landscapes, was positively associated with 
habitat relating to foraging (leaf litter depth 
and low cover). 
The depth of leaf litter may allow more macroinvertebrates to be 
present. Ensuring an adequate supply of macroinvertebrates in 
the diet of lactating females and dispersing juveniles has been 
suggested as one benefit of male die-off in this species. Also, 
ground cover may be essential during this time to protect 
females and dispersing juveniles from predators. 
d) the presence of a predator 
(red fox Vulpes vulpes) and 
competitor (brush-tailed 
phascogale Phascogale 
tapoatafa). 
There was no evidence that activity of the red 
fox Vulpes vulpes or brush-tailed phascogale 
Phascogale tapoatafa affected the 
distribution of A. flavipes. 
The influence of predators on the distribution of A. flavipes is not 
well known. Other predators of A. flavipes, such as birds of prey 
and the tree goanna Varanus varius, could impose pressure on 
the species to select habitat that provides appropriate refuge. 
More information is needed on these predator-prey 
relationships. 
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Questions Main findings Main conclusions 
Chapter 4: Effects of prescribed burning on the activity of the yellow-footed antechinus Antechinus flavipes. 
1. Does prescribed burning 
affect the activity of A. 
flavipes? 
After high-coverage burns during spring, 
activity of A. flavipes was significantly lower in 
burned areas compared to unburnt areas. 
However, there was no observed difference 
after patchy burns during autumn. 
Reduction of A. flavipes activity after high coverage burns during 
spring could be due to (1) spring burning reducing A. flavipes 
breeding success and therefore population size and activity, (2) 
higher coverage burns (regardless of season) resulting in greater 
losses of habitat resources (e.g. logs and leaf litter) and hence 
decreased activity of A. flavipes or (3) a combination of both 
these factors. Confounding of season of burn and extent of burn 
reduced the ability to identify causal relationships. 
2. Is A. flavipes activity 
associated with predator 
activity after burning? 
There was no evidence that activity of A. 
flavipes was influenced by the activity of two 
ground-dwelling predators (i.e. red fox Vulpes 
vulpes and tree goanna Varanus varius). 
Other predators of antechinus, such as owls or snakes could be 
influencing the activity of A. flavipes in the post-burn 
environment. It is likely that predators are exerting pressure on 
A. flavipes to select specific habitat, but further studies on the 
influence of predation for antechinus activity in the post-burn 
environment are needed. 
3. Is there a difference in the 
relative abundance of ground-
dwelling invertebrates in 
burnt vs unburnt landscapes? 
During spring, the relative abundance of 
invertebrates known to be prey for A. flavipes 
was lower in burnt sites compared to unburnt 
sites. This was particularly evident for larger 
invertebrates (>7 mm body length). 
A reduction in the availability of prey may contribute to A. 
flavipes decline after burning, but the importance of this effect 
compared to other factors (e.g. predation, habitat loss) is difficult 
to determine. 
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Questions Main findings Main conclusions 
Chapter 5: Prescribed burning reduces the abundance of den sites for a small mammal in a dry eucalypt forest. 
1. What types of habitat 
structures does A. flavipes use 
as den sites? 
 
In autumn, the non-breeding period, 
individual A. flavipes used multiple den sites; 
whereas limited data from the breeding 
season indicate that females with dependent 
young use the same den site for an extended 
period. 
Use of multiple den sites is common among Antechinus species 
and other small mammals, with suggested benefits including 
greater social interaction for mate selection, and a reduction in 
ectoparasite burden and predation risk. 
Continuous use of a single den site by female A. flavipes while 
rearing young suggests that such den sites are carefully selected 
to provide an optimal microclimate and protection for 
dependent young from predators. 
2. Do individuals preferentially 
select certain habitat 
structures as den sites? 
Individual A. flavipes showed strong 
preferences for particular types of den sites, 
including hollows in dead trees, large trees 
(>50 cm diameter) and large logs (>40 cm). 
These preferences highlight the critical importance of large trees 
and large logs in this forest system and likely reflect the relative 
availability of suitable hollows. 
3. Does prescribed burning 
affect the persistence of den 
sites used by A. flavipes? 
31% (16/52) of den sites used before burning 
were consumed during the burn. 
 
Large trees and large logs are scarce in this dry forest ecosystem 
and the replacement of these habitat structures is likely to take a 
century or more due to the slow growth rates of trees. 
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Questions Main findings Main conclusions 
Chapter 6: Changes in movement after prescribed burning for a small Australian marsupial Antechinus flavipes. 
1. What is the home range size 
and shape of A. flavipes and 
does this change after 
burning? 
Individual A. flavipes largely remained within 
their pre-burn home range after prescribed 
burns, although some individuals showed 
changes in the size or shape of the home 
range.  
There was a decrease in logs, ground cover and mean leaf litter 
depth as a result of burning. Therefore, changes in A. flavipes 
movements and use of habitat after burning are likely to be  
related to how the local patchiness of burn conditions affected 
foraging substrate (e.g. logs), food abundance and refuge.  
 
2. How often and at what rate 
(m / hr) does A. flavipes move 
within its home-range? Does 
this change after prescribed 
burning? 
During autumn, A. flavipes relocated den sites 
on 86% of consecutive daily records before 
burning. 
A. flavipes decreased their rate of nocturnal 
foraging movements (m/hr) after prescribed 
burning. 
3. What habitat structures 
does A. flavipes use before 
compared to after prescribed 
burning? 
During nocturnal hours, A. flavipes was 
recorded in trees, logs, stumps and 
Xanthorrhoea plants. After burning, records of 
A. flavipes in logs during nocturnal hours 
decreased by 60%. 
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7.2. The effect of prescribed burning on Antechinus 
flavipes 
This study demonstrates that prescribed burning primarily affects A. flavipes 
indirectly, through changes to resources used for shelter, denning and food 
(chapters 4 and 5), rather than directly through mortality or emigration during 
burning (chapters 5 and 6). When tracking individuals before and after burning, I 
found that none were directly killed by fire during either autumn burns (n = 9 
individuals) or spring burns (n = 2 individuals; chapters 5 and 6). However, I found 
reduced activity of A. flavipes in burnt compared to unburnt landscapes after the 
more-extensive spring burns (chapter 4). This is consistent with previous studies 
that have shown that small mammals can often survive fire by sheltering in rocks, 
burrows, and trees (e.g. Morris et al., 2011b; Vernes and Pope, 2001; Vieira and 
Briani, 2013). However, the size of the local population may be reduced in the 
weeks, months or years after a fire, in response to changes in resources important 
for shelter, food and breeding (Banks et al., 2011b; Friend, 1993; Sutherland and 
Dickman, 1999; Whelan, 1995).  
Prescribed burning can result in significant structural changes to habitat. Here, I 
showed that even patchy, low intensity prescribed burns had a detrimental effect 
on habitat structures used by A. flavipes as den sites (Chapter 5), foraging 
substrates and cover from predators (Chapter 4). Compared to wildfire, prescribed 
burns are typically assumed to be of lower fire intensity and greater patchiness in 
their spatial cover (DeBano et al., 1998), and it is assumed that this will result in 
fewer structural changes to habitat. In support of this, Holland et al. (2017) showed 
that lower coverage prescribed burns applied during this study resulted in fewer 
losses of habitat structures such as logs, stumps and deep litter. With increasing 
burn cover, there was an increasing loss of these structures in the landscape. My 
study showed that even a small loss of habitat structures could have significant 
implications for species relying on these structures, such as A. flavipes. If prescribed 
burning is repeated at an interval shorter than the rate of replacement for such 
habitat resources, incremental loss of suitable habitat can be expected.  
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7.3. Prescribed burning policies 
In 2010, the Victorian Government established a target for prescribed burning of a 
minimum of 5% of public land to be burned annually (Teague et al., 2010). This 
target aimed to reduce the risk of large, damaging fires to human life and property 
and was recommended by a Royal Commission of Enquiry after the devastating 
‘Black Saturday Fires’ of 2009. These fires resulted in the loss of 173 lives and 
thousands of homes in Victoria (Cruz et al., 2012). This target-based approach 
meant increases in the annual area burnt of box-ironbark forests, where risks to 
people and property are low and most fires are infrequent and small in size (Tolsma 
et al., 2007). This target-based approach has now been changed to a risk-based 
approach, whereby the priority for prescribed burning is to be given to locations 
that will reduce the likelihood of a fire starting, spreading and impacting on people, 
property and the environment (Victoria State Government, 2015). This risk-based 
approach is likely to reduce the amount of prescribed burning applied to box-
ironbark forests, however, I feel it necessary to address the target-based approach 
here, in the event that a similar policy is introduced or considered in other countries 
or states of Australia.  
An area-based target for prescribed burning that applies to all fire-prone vegetation 
could be detrimental to species that rely on long-unburnt habitat (e.g. A. flavipes), if 
it results in the application of frequent burning to the same area (i.e. < 20 years 
between burns). Some habitat will take a long time to replace if lost during burning. 
Hollows suitable for many forest vertebrates seldom occur in eucalypt trees <120 
years old (Gibbons and Lindenmayer, 2002). For large logs, replacement first 
requires large old trees to be present in the landscape, with large limbs that drop to 
the forest floor. If prescribed burning is repeated at an interval shorter than the rate 
of replacement for such habitat resources, an incremental loss of suitable habitat 
can be expected.  
Ecological effects of burning are site-specific, with the ‘ideal’ interval between 
burning depending on a variety of factors including vegetation present, past fire 
regime, weather patterns and species present (Kelly et al., 2017). Applying burning 
either too frequently, or with too long an interval between burns has resulted in a 
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decrease in diversity of flora and fauna and species losses in some ecosystems 
(Andersen et al., 1998; Catling et al., 2001; Darracq et al., 2016). Therefore, the 
application of appropriate fire intervals is essential to conservation. Some species 
require habitat in recently burnt vegetation (Kelly et al., 2012), however, in 
communities where habitat structures associated with long-unburnt vegetation are 
rare in the landscape, creating more long-unburnt patches may provide a 
disproportionate benefit to biodiversity (e.g. Haslem et al., 2011). Dry ecosystems, 
such as the box-ironbark forest, where there is a low risk of damaging fires, may 
decrease in diversity under an area-based target policy. Therefore, my study results 
support a site-specific, risk-based approach to fire management planning. 
7.4. Drought and Antechinus flavipes 
This study provides evidence of a reduced abundance of A. flavipes after a severe 
drought in the study area. The detectability of A. flavipes during this study, as 
measured by small metal traps (Elliott traps), was lower than expected based on 
previous studies using similar methods. This study occurred at the end of the 
‘Millennial Drought’, a decade-long drought (2001-2009) that was the most severe 
on record in south-eastern Australia (Section 2.1; van Dijk et al., 2013). Drought has 
been related to reduction in body weight, survival, abundance and fecundity for a 
number of species of Australian small mammals such as the agile antechinus A. 
agilis, dusky antechinus A. swainsonii, brush-tailed phascogale Phascogale 
topoatafa and New Holland mouse Pseudomys novaehollandiae (Lock and Wilson, 
2017; Recher et al., 2009; Rhind and Bradley, 2002). Additionally, Lada et al. (2013) 
studied A. flavipes in Victorian forests and found a positive relationship between 
rainfall during the period of lactation (i.e. spring / September) and population 
abundance in the following year. For A. flavipes and other species affected by 
drought, the application of inappropriate prescribed burning regimes during 
drought periods may put further pressure on stressed populations.  
Drought periods are expected to increase in the future due to climate change. 
Climate change is predicted to produce lower rainfall, higher temperatures and 
longer fire seasons in south-eastern Australia, and in many areas around the globe 
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(CSIRO and Australian Bureau of Meteorology, 2018; Garnaut, 2011; Moritz et al., 
2012). Predictions for south-eastern Australia suggest that average rainfall during 
spring will experience the largest decrease of all seasons (CSIRO and Australian 
Bureau of Meteorology, 2018). Since the amount of spring rainfall is a predictor of 
breeding success in A. flavipes (Lada et al., 2013), a long-term reduction in the 
average spring rainfall could have long-term implications for the population density 
and persistence of A. flavipes in this ecosystem. Further, a reduction in vegetative 
cover as a result of both drought and fire can increase predation by introduced 
mammals such as foxes and cats (e.g. Doherty et al., 2015). With predicted 
increases in drought-periods and longer fire seasons, more information is needed 
on the interaction between drought, fire, predation and small mammal persistence 
(Crowther et al., 2018). 
7.5. Experimental design 
To better understand the response of small mammals to fire and fire regimes, there 
is a need for experimental studies that employ a before-after impact-control design. 
Further, studies that use radio tracking of individual animals to better understand 
behaviour and distributional patterns will help improve our understanding of the 
mechanisms that result in changes to populations (Driscoll et al., 2010; Griffiths and 
Brook, 2014; Sutherland and Dickman, 1999). Here, I attempted to collect such 
experimental data, but the difficulties in doing so are apparent and show why these 
types of studies are limited. 
1. Firstly, the timing of prescribed burns is difficult to predict. Here, autumn 
burns occurred earlier (late Feb – early April) than is usual in this region. 
Above-average, late-summer rains occurred in 2011, and this created 
difficult conditions for prescribed burning operations in autumn and 
restricted the extent of burning able to be undertaken due to conditions 
being too wet. 
2. Similarly, the coverage of the burns was more difficult to implement than 
predicted, again due to prevailing weather conditions. Despite an 
experimental design that included both low cover and high cover burns in 
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each season, there was complete separation between the coverage of 
autumn and spring burns. This made it impossible to distinguish between 
effects due to seasonal differences versus burn cover. Also, the patchiness of 
burning during autumn resulted in an inability to compare pre-burn and 
post-burn data on invertebrate abundance. 
3. Animal species are often difficult to study because of welfare concerns and 
the difficulty in locating sufficient individuals (Hope, 2012). This was the 
situation in my study. Despite intensive effort, I was unable to capture 
enough individual A. flavipes to track during spring and was, therefore, 
unable to make conclusions about habitat use and movement after high 
coverage spring burning compared to low coverage autumn burns. 
Although there were issues and difficulty in obtaining relevant and sufficient data 
for analysis, the data that were collected have made a substantial contribution to 
understanding the response of A. flavipes to prescribed burning and their use of 
den sites.  
7.6. Recommendations for conservation and fire 
management 
Several measures can be proposed to reduce the effects of prescribed burning on 
ecological and conservation values in this dry forest ecosystem. This should be 
complemented with management actions that enhance habitat for A. flavipes and 
other animals that rely on hollow resources.  
Conservation of hollow-bearing trees and logs in this landscape should be a primary 
consideration in forest management, including planning for prescribed burns. The 
abundance of hollow resources within the study area is limited due to past 
harvesting and firewood collection, further reduced by prescribed burning and likely 
to take a very long time to recover. Regular prescribed burns (within 20 years) are 
likely to lead to a depletion of hollow-bearing trees and logs, with consequences for 
the population of A. flavipes. This decrease in hollow availability is likely to impact 
on a number of hollow-dependent fauna in this area including arboreal mammals 
(e.g. brush-tailed phascogale, Phascogale tapoatafa), bats (e.g. southern forest bat, 
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Vespadelus regulus), birds (e.g. powerful owl, Ninox strenua) and reptiles (e.g. tree 
goanna, Varanus varius; Tzaros, 2005). 
This study shows that in a dry, disturbed forest, even a low-coverage, patchy 
prescribed burn can have an immediate and long-term impact on key resources 
important for the survival of hollow-dependent fauna. The raking of debris around 
the base of large trees and large logs, before burning, may reduce the likelihood of 
the loss of habitat. For example, Nesmith et al. (2010) showed that raking 
significantly increased the survival of sugar pine trees Pinus lambertiana after 
prescribed burning of moderate fire intensity in Californian forests, USA. Raking to 
protect habitat was implemented during my study, before burning took place, 
although it appeared to be ineffective in some cases. Procedural improvements may 
increase the effectiveness of this method, such as ensuring that a large pile of litter, 
logs or bark is not left at the edge of the raked area (Fig 7.1). 
 
Figure 7.1. Raking around the base of a large den tree used by A. flavipes (left). The raking 
has left a large pile of branches, bark and litter. This pile, when alight, is likely to have had a 
flame height that could reach the tree and set it alight. This resulted in the loss of the tree 
during a low-intensity, patchy prescribed burn during autumn (right). 
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The use of patchy burns to promote spatial mosaics of burnt and unburnt patches 
has been proposed as a means of enhancing the local diversity of habitats (e.g. 
Bradstock et al., 2005) and reducing detrimental ecological effects. Similarly, 
applying incomplete low coverage burns can reduce the loss of habitat structures 
(Holland et al., 2017). Leaving patches of unburnt habitat is likely to be beneficial to 
A. flavipes and other small mammals, by allowing persistence of individuals within 
the burnt area, or allowing recovery via immigration of new individuals (Recher et 
al., 2009; Robinson et al., 2013; Swan et al., 2016). However, even patchy burns of 
low intensity, as in this study, can result in substantial losses of important habitat 
structures for fauna such as A. flavipes. Therefore, while patchy or incomplete 
burning may be better than complete burns for the protection of habitat, leaving 
some areas of the forest long-unburnt is likely to provide greater benefits for the 
retention of habitat structures. 
In this ecosystem, where structural resources associated with long-unburnt 
vegetation are rare in the landscape, creating more long-unburnt patches may 
provide a disproportionate benefit to biodiversity (e.g. Haslem et al., 2011). The 
study area does not pose a high-risk to people or property and is within an 
ecological burning zone. In this landscape, a fire-interval of 12 – 150 years has been 
suggested for ecological burning based on plant species propagation and 
reproduction (Cheal, 2010). I suggest that a fire-interval of 12 years will be 
detrimental to the conservation of habitat structures in this forest. Targeted areas 
should be left in a long-unburnt state (> 100 years), to protect habitat structures 
such as large trees, dead trees and logs that are important for obligate hollow-using 
species such as A. flavipes. This should be part of a broader plan ensuring a variety 
of post-fire age-classes in the box-ironbark forest (e.g. Kelly et al., 2015). This 
supports previous work in some Australian ecosystems, such as mallee, tropical 
open forest and temperate woodlands, showing that certain animal species will be 
disadvantaged if long-unburnt habitat is not retained across the landscape (Haslem 
et al., 2011; Kelly et al., 2015, 2011; Prowse et al., 2017; Woinarski et al., 2004).  
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Appendices 
7.7. Appendix A: Fire and its interactions with 
ecological processes in box-ironbark forests 
Published: Bennett, A.F., Holland, G.J., Flanagan, A., Kelly, S. & Clarke, M.F. 2012. 
Fire and its interaction with ecological processes in box-ironbark forests. 
Proceedings of the Royal Society of Victoria 124, 72-78. 
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7.8. Appendix B: A rare sighting of the Eastern 
Pygmy Possum Cercartetus nanus in north-
central Victoria 
Published: Flanagan-Moodie, A. K. 2013. A rare sighting of the Eastern Pygmy-
possum Cercartetus nanus in north-central Victoria. The Victorian Naturalist 130, 
40-44. 
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